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ABSTRACT

Bohn, Christine M. Ph.D., Purdue University, December 2014. Transformation of
Biomass Carbohydrates by Transition Metal Catalysts. Major Professor: Mahdi
Abu-Omar.
By selectively removing functional groups from biomass derived
carbohydrates, valuable platform chemicals can be generated from renewable
sources. Through dehydration chemistry glucose can be upgraded into 5(Hydroxymethyl)-2-furfuraldehyde (HMF) and levulinic acid. Iron (III) chloride
hexahydrate has shown moderate activity to transform glucose into HMF and has
also shown high yields and selectivity for the production of levulinic acid.
Typically synthesized from acidic solutions made with mineral acids, levulinic
acid has now been produced in high yields with a metal salt. The difference
between maximizing production for HMF or levulinic acid from the same catalyst
relies on the control of the reaction conditions. By using microwave irradiation,
improved collisions and stabilized transition states allow for selective production
of desired products while eliminating undesired reaction pathways.
Understanding the improvement of biomass carbohydrates also requires
understanding how they are incorporated into the plant structures. By utilizing
fluorescent tagging strategies a two part marking system was used to follow the
incorporation of fucose into the plant cell wall. Fucose is limited in its use by

xiii
plants only becoming incorporated into branched xylan chains that help to link
cellulose and hemicellulose together. The synthesis of xylan in the plant Golgi
also utilizes extracellular sugar. By feeding plant cells a specially designed azido
tagged sugar it should become incorporated into the cell wall. On its own, the
azido tagged sugar has very little fluorescent properties; however the attached
azide group becomes important for click reactions. Click reactions involve two
small functional groups that selectively combine. In this case the azide is clicked
to an alkyne group to form a triazole. The alkyne group is part of a naphthalimide
compound that has strong fluorescent properties due to its aromatic structure. By
adding a triazole to the fluorescent naphthalimide complex, a much stronger
fluorescent signal can be generated. By reproducing this strategy with plant cells
it was hoped that the strong fluorescent signals could be imaged after their
incorporation into plants. However issues with reproducibility of fluorescent
emission spectrum and only two-fold intensity differences rather than the desired
order of magnitude difference proved to be experimentally challenging.
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CHAPTE
ER 1. INTRO
ODUCTION
N

1.1

Renew
wable Carb
bon Sourcess: Plants vss. Hydrocarrbons

Due to
t our energ
gy and consumption n
needs, rese
earchers have been
searching fo
or a sustainable and ca
arbon dioxid
de-neutral energy sou
urce. Becau
use
nual decrease in crude
e oil, van Ha
averen et a
al. predicted
d that in 20 to
of the contin
30 years a significant
s
amount
a
of bio-based
b
c hemicals w
will become a significan
nt
stry.1 By using plant material
m
as a replaceme
ent for crud
de oil, the
part of indus
carbon cycle
e can be clo
osed.2 In a 2009 reporrt from the U.S. Deparrtment of
Energy,
E
less
s than 10% of our prim
mary energyy consumpttion was pro
ovided from
m
re
enewable sources
s
like
e biomass or
o solar sou
urces; and o
only 9% cam
me from
nuclear sourrces. Fossill fuels made up 83% o
or our prima
ary energy sources; th
his
ncluded pettroleum, na
atural gas, and
a coal sources.3 Desspite a rise in concern
n
in
about alternative energ
gy sources and
a reducin
ng consumption over tthe last five
e
years, fossil fuels are still
s our prim
mary source
es for not on
nly energy but industriial
ynthesis off polymers and
a plastics
s.1
sy
Crude
e oil gets us
sed for ene
ergy and ch
hemical nee
eds while na
atural gas a
and
coal are use
ed mostly fo
or heat and electricity n
needs. Whe
en crude oiil is processsed
y it is separated into 5 major fracttions, naphtha, gasolin
ne, kerosen
ne,
by a refinery
gas oil, and residues. The
T amountts of these fractions w
will vary from
m different
mpositions.. The naphttha fraction is used ass a feedstocck for the
crude oil com

2
production of
o platform chemicals
c
which
w
go on
n to make a
all of our bu
ulk chemica
als.
The
T six platfform chemicals include
e ethylene, propylene, C4-olefinss, benzene,,
to
oluene, and
d xylene. An
nd unlike biiomass the naphtha and the subssequent
fe
eedstock ch
hemicals all have a ve
ery low oxyg
gen contentt and are predominanttly
carbon and hydrogen. These
T
six chemicals
c
ccan then forrm solventss; starting
material
m
for polymers like ethylene
e, propylene
e and butad
diene; or be
ecome
selectively fu
unctionalize
ed with oxy
ygen, nitrogen, or chloride.1
Plant material orr biomass, such as tre
ees, grasses, and crop
p leftovers sstore
most
m
of theirr carbon strructures in the structurral polymerrs, cellulose
e,
hemicellulos
se, and lignin.2 The tottal biomasss in the worrld is 17,000
0 million ton
ns
d only 3% of
o that is be
eing used fo
or human usses like foo
od and othe
er
per year and
non-food needs. 70-75% of bioma
ass is lignoccellulose an
nd structura
al material, 15a fatty ac
cids, and 5%
% are prote
eins and contain not on
nly C, H, an
nd O
20% is oils and
but some N and S. A drop-in strategy can be
e used even
n though bio
omass is no
ot a
pure carbon and hydrogen source
e, the desira
able chemiccal structurres are already
ectively rem
move undessired functio
onalities, bulk
present. By using reacttions to sele
chemicals th
he petroche
emical indus
stry alreadyy know how
w to use can
n be made..1

1.2

Plant Support Structu
ures: Lignin
n, Cellulose
e, and Hemicellulose

Plant material is an exclusive carbon ssource from
m nature.4 Plants are the
most
m
abunda
ant and the
e must unde
erutilized re
esource for our carbon
n needs.5
Biomass
B
is the
t only ren
newable carbon resou rce. Plants use a systtem of polym
mer

3
chains made
e up of carb
bohydrates to give the
em structure
e. These na
atural polym
mers
ellulose, an
nd hemicellu
ulose.
are lignin, ce
Lignin
n is a poly-p
phenolic ma
aterial and cellulose a
and hemicellulose are
made
m
up of repeating carbohydrat
c
tes. The mo
ost abunda
ant sugars in biomass are
glucose, xylo
ose and ara
abinose. He
emicellulosse is 23-35%
% of dry we
eight bioma
ass
and 40-50%
% of dry weig
ght biomass is cellulosse.6,7,8

Figure
F
1-1: The
T Repeating Monom
mers for Ce
ellulose and
d Hemicellulose Xylan
Chains
C

Prima
ary biomass
s resources
s include fo
orest resourrces, like fu
uel wood or
timberlands,, as well as
s agriculture
e resourcess like grain ccrops or grasses.
Secondary
S
resources
r
in
nclude resid
dues and w
waste from crops or an
nimals.3 Firrst
generation biofuels
b
include fuels from
f
materials generatted from ea
asily extracttable
sugars that can
c be turn
ned into biodiesel or biio-ethanol. These plan
nt based
materials
m
ca
an be blended with pettroleum-bassed fuels, ccombust in currently
existing engines, or can
n be distributed throug
ghout the current industrial
in
nfrastructure. In 2010, 50 billion liiters of firstt generation
n biofuels w
were being
commercially produced
d.5 Second generation biofuels arre generate
ed from

4
lig
gnocellulos
sic materials
s, the majo
ority being o
of inexpensive and abu
undant non
nfo
ood plant material.
m
How
wever, righ
ht now, prod
duction of ssecond generation bioffuels
is
s not cost effective.5 Recovering
R
80%
8
of products can g
give a low u
unit cost.9

Figure
F
1-2: The
T Linear and Cyclica
al Structure
es for the T
Three Main Sugars
Derived
D
from
m Biomass

The processing
p
of cellulose
e into paperr or pulp lea
aves behind lignin;
in
ndustrially there is little
e value to th
his material. In 2004 th
he pulp and
d paper
in
ndustry gen
nerated ove
er 50 million
n tons of lignin. Some of that material was used
as dispersing or binding
g agents, but
b due to itts low value
e it is prima
arily burned as
fu
uel.10 If prop
perly planned, isolated
d lignin gen
nerated from
m an integra
ated biore
efinery coulld burn the lignin produced and p
provide an e
excess of e
energy for th
he
trransformation of cellulose and he
emicellulose
e sugars intto ethanol.2 An alterna
ative
is
s to use the
e valuable polyphenolic
p
c structuress. The Abu--Omar rese
earch group
p has
been focusin
ng on this problem,
p
us
sing a mixed
d catalyst ssystem of Z
Zn and Pd o
on
carbon, they
y have succ
cessfully up
pgraded the
e lignin structures to va
aluable
aromatic pro
oducts.11 Ce
ellulose and
d Hemicellu
ulos are mo
ore easily d
depolymerizzed
and the released carbo
ohydrates can easily b
be used to m
make ethan
nol through a
12
biomass ferm
mentation process.
p

5
1.3

Dehydration
D
n Chemistryy

1.3.1 The
e Role of Metal
M
Salts iin Dehydrattion Reactio
ons
Typic
cal dehydration catalys
sts are mine
eral acids liike sulfuric or phospho
oric
acid. Until re
ecently (200
01) Lewis acids
a
were b
believed to be unusab
ble in aqueo
ous
medium
m
but Fringuelli and
a cowork
kers catalyzzed organicc reactions iin water using
aluminum, tiitanium and
d tin chlorides.13 It is im
mportant to
o consider th
he whole
n selectively improving
g the value of plant ca
arbohydrate
es. The
picture when
dehydration of biomass
s must go beyond
b
the dehydration of fructosse.
ct transformation of bio
omass into HMF requirres 3 steps: first a
Direc
saccharification or hydrrolysis of ce
ellulose into
o monosacccharides, issomerizatio
on
s into ketos
ses, and finally dehydrration of ketose or fura
anose suga
ars
frrom aldoses
in
nto HMF.14 The plant cell
c wall is made
m
up off several typ
pes of suga
ars. Cellulosse is
composed of
o non-reduc
cing glucos
se. The hem
micellulose,, crosslinkin
ng the
o chains of glucosyl an
nd xylosyl. Xylan is co
omposed off
cellulose, is made up of
lin
nked xylose
e.15 A succe
essful carbohydrate d ehydration catalyst must be able
e to
break apart biomass po
olymers by hydrolyzing
g the glycosidic linkag
ges and
dehydrate th
he alcohol functional
f
groups
g
of individual carbohydrate
es. The cata
alyst
itself must be effective but still ine
expensive to
o use. Therre are seve
eral metal sa
alts
hat have sh
hown some promise in the literatu
ure: Aluminum, Iron an
nd Zinc. All
th
th
hree are av
vailable as water
w
solub
ble salts and
d cost less than a dollar per gram
m.

6
1.3.2
2 Dehydra
ation of Hexxoses and P
Pentoses
The many
m
hydro
oxyl groups that are pa
art of glucosse and xylo
ose make th
hem
an undesirab
ble platform
m chemical and removving them ca
an be difficcult due to their
poor leaving
g ability. Pro
otonation (--OH2+) by B
Brønsted accid results in
n the
im
mprovemen
nt of hydrox
xides as a le
eaving grou
up.16 The usse of Lewiss acids have
e
been shown
n to facilitate
e isomeriza
ation of gluccose into fru
uctose. In tthe 19th cen
ntury
HMF
H
was firrst reported from reacttions with oxalic acid a
as well as h
homo and
heterogeneo
ous acid catalysts in aqueous me
edia.12
From fructose, carbohydrat
c
tes can eassily dehydra
ate to form HMF. Gluccose
does not eas
sily isomeriize into fruc
ctose without a catalysst. Direct pa
athways to
HMF
H
from glucose have been proposed but a
are not faciile reactions.

Figure
F
1-3: The
T Aldose
e-Ketose Iso
omerization
n Mechanissm

Figure
F
1-3 illustrates th
his aldose-k
ketose isom
merization th
hrough an e
enolate
is
somerization. More me
echanistic details
d
will b
be covered in chapter two.
In the
e presence of water, HMF
H
can un
ndergo a rehydration re
eaction to fform
th
he 5 carbon
n levulinic acid
a
and the
e one carbo
on formic accid. Pentosses, like xylo
ose,
easily dehyd
drate to make furfural.

7
1.4

Highly Va
aluable Org anics from Biomass

d
s into HMF, however a glucose fe
eedstock is half
Fructose easily dehydrates
th
he price of a fructose one.
o 17 The National R
Renewable Energy Lab
boratory an
nd
th
he Pacific Northwest
N
National
N
Lab
boratory ha
ave reported
d on 12 sug
gars derive
ed
building bloc
cks that willl easily und
dergo transfformation in
nto biochem
micals. Of th
hese
12 building block
b
comp
pounds, 8 of them can be derived
d from gluco
ose7 throug
gh
ermentation
n and dehyd
dration reac
ctions.18
fe

Figure
F
1-4: The
T Three Main Produ
ucts Derived
d from Deh
hydration Reactions with
Glucose
G

d as a preccursor for
Furfural, which is made from xylose, ccan be used
solvent synthesis like th
hat of THF and MeTH F. HMF is a good plattform chemical
or generatin
ng valuable
e organic co
ompounds.119 It can be
e a good prrecursor to high
fo
heating fuels
s,20 and has
s uses in biofuel, biochemical, an
nd biopolym
mer industriies.
HMF
H
can un
ndergo oxidation reactions where the oxidatiion of the h
hydroxyl gro
oup
re
esults in 2,5
5-diformylfu
uran, an important indu
ustry mono
omer, oxidation of both
h the
hydroxyl and
d formyl gro
oup gives 2,5-furandic
2
carboxylic a
acid which ccould be a b
biore
enewable starting
s
mon
nomer for te
erephthalic acid in plastics and polyester.17,12
Oxidation
O
off the furan ring
r
and or the formal group can yield
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2,5-bis(hydroxymethyl)furan which is a chemical building block for
polymers and polyurethane foams. Reduction of the formyl and hydroxyl groups
gives 2,5-dimethylfuran which has biofuel potential. HMF can also undergo
halogen substitutions giving 5-halomethylfurfurals which make good synthesis
intermediates due to their high reactivity. Finally hydrolysis of the HMF ring in
acidic conditions forms levulinic and formic acid and can follow a polymer path
through a 2,3 water addition or a 4,5 addition of water forming
2,5-dioxo-3-hexenal which then fragments into levulinic and formic acid.12
Levulinic acid is an important platform molecule due to its reactivity.
Levulinic acid is often produced from an acid catalysis which will also produce
large amounts of humins or humic acids, black insoluble materials which are
made from unwanted polymerization reactions. Direct esterification of levulinic
acids with alcohols can make ester compounds that will improve the flow of
biodiesel at low temperatures or as oxygen additives for fuels. Reduction of
levulinic acid results in the formation of gamma-valerolactone, which can be used
for perfumes, food additives, solvent precursors, as well as a fuel additive similar
to ethanol. Reduction can also result in the production of methyltetrahydrofuran.
MeTHF can be blended with fuel up to 60% (v/v) and can be used in current
combustion engines. It can also be used as a green solvent.21 Levulinic acid can
be used to make acrylate polymers as well as being used as a fuel additive.17
When discussing valuable organics from biomass sources it is important
to keep in mind the three paths chemical synthesis can take. The first strategic
route is the Drop-In where bio-derived molecules replace an intermediate
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currently obttained from
m crude oil and
a proceed
d with existting techno
ology.The
merging wh
here a brand new route
e with a pro
oduct that is not
second is Em
o petrochem
micals is us
sed. Finallyy Substitutin
ng uses a n
new pathwa
ay to
connected to
generate tarrget chemic
cals that alrready exist.22

1.5

C3
3Bio: The Center
C
for th
he Direct C
Catalytic Co
onversion off Biomass tto
Biofuelss
This work
w
is partt of the Purrdue researrch center, C3Bio. Thiss

nterdisciplin
nary group is a U.S. De
epartment o
ergy Frontie
er
in
of Energy ffunded Ene
Research
R
Center. The research fo
ocuses on tthe converssion of plan
nt lignocellulosic
biomass into
o hydrocarb
bon-rich bio
ofuels by ussing four disstinct resea
arch
approaches. The first in
nvolves cattalytic conve
ersion of biiomass, the
e second
fo
ocuses on the
t assemb
bly and deconstruction
n of cellulosse, the third
d uses
biological an
nd genetic engineering
e
g of biomasss to alter a
assembly orr to incorpo
orate
nd the fourth studies fa
ast-hydropyyrolisis of biomass. Th
he research
h of
catalysts, an
chapter three falls unde
er the first approach
a
a nd the rese
earch in cha
apter four iss
part of the second apprroach.

1.6

Dissertation
D
n Overview
w

n
to inex
xpensively and easily transform b
biomass ma
aterials into
o
The need
useful carbo
on and hydrrogen sourc
ces become
es more im
mportant as we use up
more
m
and more of our finite
f
fossil fuel resourcces. This dissertation provides
in
nsight into the
t possibilities of hom
mogeneous catalysis fo
or the transsformation o
of
hexoses and
d pentoses. Chapter tw
wo will revie
ew the literrature and p
provide an
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outline of the previous work with homogeneous transition metal catalysis and the
proposed mechanisms for Brønsted and Lewis acid catalysis. It will highlight
some of the breakthroughs in this area as well as some of the limitations of the
reaction systems. Chapter three will report on the success of using Fe(III)
Chloride as a homogeneous dehydration catalyst for hexose and pentose
transformation into HMF, levulinic acid and Furfural. Finally chapter four will take
a different direction in understanding the transformation of biomass.
Investigations in fluorescently tagged sugars that are followed into the cell wall
will be detailed. The challenges in using of small amounts of fluorescent tags and
probes for detection will also be explained.
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CHAPT
TER 2. A REVIEW
R
OF
F HOMOGE
ENEOUS T
TRANSITIO
ON METAL
CATALY
YSTS UPGR
RADING HE
EXOSES A
AND PENTO
OSES

2.1

Lewis and Brø
ønsted Acid
d Dehydrattion Catalyssis

Lewis
s acids acce
ept lone ele
ectron pairss and Lewiss bases don
nate the
electron pairr. Brønsted acids lose or donate a hydrogen
n cation or p
proton and
Brønsted
B
ba
ases gain orr accept the
e H+. Waterr is both a B
Brønsted acid and basse16
The
T dehydra
ation reactio
on requires
s the use off Brønsted a
and Lewis A
Acids.
Brøns
sted acids protonate
p
th
he hydroxyyl groups to OH2+ making them a
better leavin
ng group. The first water removed
d by dehydrration is a u
unfavorable
e
sttep, followe
ed by more favored removal for e
each subseq
quent wate
er.23 Brønste
ed
acids have been
b
used commercia
c
ally to synthesize HMF
F. Typical in
ndustrial
ons use dilu
ute acid of 1-10%
1
whicch equates to 0.1 to 1M
M concentra
ated
concentratio
mineral
m
acid
ds. But not just strong acids
a
like H
HCl and H2S
SO4 dehydrrate glucose.
Maleic
M
acid can easily dehydrate
d
xylose
x
and with a co-ccatalyst like
e AlCl3, gluccose
can dehydra
ate into HMF.24 It also
o must be co
onsidered tthat when u
using minerral
acids industrial concern
ns arise abo
out storage
e and corrossion of equ
uipment.
Special
S
equiipment can be used fo
or acid cata
alyst but tha
at can be exxpensive.7
The acidic
a
pH off Lewis acid
ds is respon
nsible for fo
orming a ca
atalytically
active metal that can fa
acilitate the ring openin
ng of glucose and the following
dehydration. In the abs
sence of Lewis acids, n
no fructose
e is observe
ed from gluccose
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in
n solution. Hard
H
Lewis acids can interact stro
ongly with o
oxygen atoms of hydro
oxyl
groups of glu
ucose whic
ch are them
mselves hard
d Lewis basses.25 Alum
minum (III) a
and
irron (III) are known to be
b hard Lew
wis acids w hile iron (II)) and zinc ((II) are
borderline hard/soft Lew
wis acids.
Gluco
opyranose must ring open
o
to isom
merize to fructose, it iss believed that
th
he metal of the metal salts
s
will ac
ct as a Lewiis acid meta
al center an
nd stabilize
e the
trransition sta
ate of the ring opened sugar as itt isomerizess between aldose and
d
ketose struc
ctures. Lewis acids can
n also cleavve glycosidic linkages in cellulose
e
T
can als
so coordina
ate H2O and
d act as a n
nucleophile
e.
and hemicelllulose.26 They
Care
C
must be
b taken tha
at metal com
mplexes do
o not begin to hydrolyzze and makke
th
heir hydroxiide species
s which can
n result in lo
oss of catalyyst activity and
precipitation
n. Formation
n of hydroxides can be
e reduced b
by making ssure the
eaction is in
n an acidic environment.
re
Use of
o homogen
neous meta
al solutions can elimina
ate the nee
ed for catalyyst
re
egeneration
n. For the glucose
g
deh
hydration re
eaction systtem, hetero
ogeneous
catalyst can be particullarly suscep
ptible to the
e potential ffor unwante
ed side
products like
e insoluble polymers and
a humins clogging h
heterogeneo
ous pores.117

2.2

Pathways
Reaction P

2.2
2.1 Isomerrization
The is
somerizatio
on process between frructose and
d glucose iss a reversib
ble
one.27 Fructo
ose is much more actiive for dehyydration tha
an glucose is. This is
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because glu
ucose forms
s a stable ring structurre therefore
e the enoliza
ation rate in
n
ower than th
he rate for fructose.
f
Frructose form
ms less sta
able ring
solution is lo
w
accou
unt for the fa
acile HMF d
dehydration
n.12 High te
emperaturess
sttructures which
can increase
e glucose-frructose isomerization due to the slightly end
dothermic ((H
= 3 kJ mol-1) isomeriza
ation of gluc
cose.27

2.2.2 Humins and P
Polymerizattion
f
off humins is contributed
d to the abiility of gluco
ose to form
The formation
oligosaccharides which
h still have reducing
r
grroups. Thesse reducing
g groups ca
an
cross polymerize with intermediate
es and HM F.12 Some competing pathways
in
nclude dehy
ydration forrming non-ffuran cyclic ethers and
d condensa
ation
re
eactions.28

2.3

Solvent S
Systems

There
e are three types of so
olvent syste
ems typically used with
h Brønsted and
Lewis acid catalysts,
c
a single solv
vent or mon
nophasic, a biphasic syystem, or io
onic
quids.29 Ion
nic liquids are
a a mixturre of ions th
hat are liquiid at room ttemperature
e.
liq
They
T
are oftten used for biomass dehydration
d
n reactions because th
hey have th
he
ability to diss
solve cellulose14 as well as demo
onstrate cattalytic activvity by
th
hemselves. Fructose mixed
m
with in 1-ethyl-3
3-methylimid
dazolium chloride or
[E
EMIM]Cl an
nd heated fo
or 3 hours at
a 120°C ga
ave a yield of 70% HM
MF. Howeve
er
th
his catalytic
c activity wa
as not the same
s
for glu
ucose, at 18
80°C a yield of less th
han
10% HMF was
w detected.30

14
Despite these advantages, ionic liquids also have several disadvantages.
Ionic liquids are expensive, they often require many steps and a lot of energy to
synthesize, and they can be easily deactivated by small amounts of water which
will be generated from carbohydrate dehydration. They are also difficult to
separate from products.25,31
Water is usually the ideal solvent especially for cost and environmental
concerns. But using water can be a poor choice because more water will give
lower HMF yields.27 In addition use of organic solvents need to be able to be
easily removed from products. The solvent used by Pagan-Torres, et al. has a
boiling point similar to HMF and requires additional steps beyond distillation and
results in a loss of product when isolating HMF.25
The use of a biphasic system attempts to make the best of solvent
strengths and weaknesses. By using an organic solvent with water, the products
can be extracted away from excess water and the catalyst thus preventing any
unwanted side reactions. To maximize the benefit of the biphasic system with
water, the organic solvent should be immiscible with water and be volatile
enough to easily remove through reduced pressure without the use of heat.
Earlier research groups used THF as their organic solvent. The benefits of THF
included the stability of the furan ring as well as the potential for green synthesis.
The downside of using THF is its complete miscibility with water. However using
a significant amount of salt in the water resulted in adequate separation of the
two solvents due to the increase in their partition coefficient.20
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The use
u of high concentrations of NaC
Cl to improvve separation between
n
aqueous and
d organic solvents
s
willl become a
an impedancce as any rreaction sca
aleups due to the corrosiv
veness of hiigh salt con
ntent in watter. MeTHF
F or
2-methyltetrohydrofuran is a prom
mising altern
native to TH
HF due to th
he much
greater immiscibility of MeTHF witth water (14
4g/100g).322 THF and M
MeTHF both
have low boiling points at 65°C an
nd 80°C, bo
oth of which
h are still be
elow the bo
oiling
F. THF and
d MeTHF arre both con sidered gre
een solventts due to their
point of HMF
ability to be synthesized from carb
bohydrate b
biomass.

2.4

Gllucose Tran
nsformation
ns

2.4.1 Chromium
m Catalysis
ature has shown Cr is most effecctive for HM
MF productio
on in
Most of the litera
onic liquid or
o non-aque
eous solven
nt systems. 27 It has alsso been sho
own that Cr(III)
io
and Cr(II) ha
ave very sim
milar activities.23 One of the earlie
er reports o
of successffully
g glucose with
w Cr was from Zhao, et al. and their work with CrCl2 and
trransforming
th
he ionic liqu
uid. HMF yields of 70%
% from gluccose were rreported.30 Kim and co
oworkers
w
use
ed a bi-catalyst system
m in ionic liq
quids and w
were able to
o generate 6
60%
yield of HMF
F from microcrystalline
e cellulose. A combine
ed catalyst o
of CrCl2: Ru
uCl3,
4:1 in the [EMIM]Cl was used.14
n a chromiu
um salt is dissolved in water 99%
% of Cr is co
oordinated w
with
When
th
he following
g ligand com
mbinations,, 6 aquas, 5 aquas and
d a Cl-, or 5 aquas and
da
hydroxide io
on.17 Jia and
d co-workers analyzed
d Cr in wate
er, and lookked into
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Chromium’s ability to isomerize glucose into fructose. Over the course of an hour,
they analyzed the conversion of glucose and the fructose being made by the
reaction system. The isomerization proceeds in a linear fashion until around 30%
conversion and then HMF formation accelerates after this point. Cellobiose was
detected at the end of the reaction indicating the reactions of undesired inter- or
intra-molecular dehydration of glucose. Comparable pH solutions using HCl were
compared to CrCl3. The HCl catalyst converted very little glucose and supported
that Cr was an active species for isomerization of glucose.27
Finally a mixed Cr and Brønsted acid system was able to produce
significant yields of HMF. Aqueous chromium (III) chloride converted 100% of
the glucose by itself and with a Brønsted acid co-catalyst. When mixed equally,
each 0.02M, KH2PO4 and CrCl3 were able to produce a yield of 50.3% levulinic
acid with no HMF. However there was a significant amount of glucose that
formed undesired products.4

2.4.2 Aluminum Catalysis
The Abu-Omar lab has already done a lot with Al as a dehydration catalyst.
A water ethanol mix was used with glucose and Al to make furan complexes. The
more water that was present in the two solvent system, the more levulinic acid
produced. Using an all ethanol solvent yielded 44% furans while an addition of 10
wt% water gave a 57% yield of furans. When an acid catalyst was used in place
of Cr, isomerization activity was lost and low yields were generated from glucose.
This reaction system also had difficulty with a cellulose substrate due to 160°C

17
not being a high enough temperature to depolymerize or decrystallize the
polymer.33
Next a water and THF solvent system with 0.25M sugar and 0.1M AlCl3
was compared to a reaction with an In chloride salt catalyst. Al gave 48% HMF
while In only gave a 7% yield despite being more acidic (pka=4 vs. pka=5). The
Lewis acid cation was crucial to the dehydration mechanism and did not depend
on the Brønsted nature of the catalyst. 34 Finally the biphasic system with AlCl3
and glucose was revisited again but the tetrahydrofuran-water system used NaCl
to improve the partition coefficient. This system afforded a 61% yield of 5hydroxymethylfufural with very little byproducts (1% levulinic acid). 20

2.4.3 Iron and Other Catalysts
Reading through the literature, there are not a lot of groups reporting high
yields of HMF or levulinic acid from Fe catalysts. vom Stein and co-workers
reported a successful dehydration of xylose into furfural in a biphasic reaction
system using FeCl3 as the catalyst. A 64% furfural yield was achieved in the THF
and water with NaCl solvent system.
Meanwhile investigations into Fe and ionic liquids were mixed. Using low
temperatures, 80°C, FeCl3 and glucose in [EMIM]Cl produced no reaction.23
Using fructose with FeCl3 and Et4NBr, reactions were able to generate an HMF
yield of 86% for reactions at 90°C. This reaction was also completed in a single
organic solvent, N-methylpyrrolidone.35
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Finally it should be mentioned that there is an industrial process, the
Biofine Process, that uses 1.5-3wt% sulfuric acid to catalyze cellulosic material
into HMF and levulinic acid. The process utilizes a two reactor system. The first
reactor runs at 215°C, 25 bar, for 12 seconds, and HMF is continuously removed
into a second reactor. In the second reactor HMF is reacted at 190°C and 14 bar
for 20 min. The levulinic acid produced gives a 50% yield based on starting
hexose content of mixed cellulosic material. Furfural and formic acid are also
collected. The Biofine Process allows for a competitive cost production of
levulinic acid.21

Table 2-1: Survey of Reactions in the Literature 17, 36, 37, 25, 20
Heating Method,
Temp., Time

Product
Yields

Water (NaCl),
MeTHF
1:1

Oil Bath
140°C, 4hr

71% Furfural

0.008M CrCl2

[EMIM]Cl, 0.5g

Batch Reactor
100°C, 3 hr

68-70% HMF

0.0075
mmoles AlCl3
pH=2.5 HCl

2-Sec-butylphenol

Source

Substrate, M

Catalyst, M

Solvents, ratio

vom Stein37

0.4M Xylose

0.16M FeCl3

Zhao30

0.14M
Glucose
0.4163
mmoles
Glucose

Pagan25
Torres
20

Yang, Yu

17

Choudhary

4

Yang, Fan
Szabolcs

38

39

Rasrendra

Water (NaCl),
1:2
Water (NaCl),
THF
1:3

Oil Bath
170°C, 40min

62% HMF

Microwave
Irradiation
160°C, 10 min

61% HMF

0.25M
Glucose

0.1M
AlCl3*6H2O

0.56M
Glucose

0.019M CrCl3
0.1M HCl

Water (NaCl),
THF
1:2

Oil bath
140°C, 360 min,
180 min

59% HMF
(biphasic)
46% LA
(monophasic)

0.0556M
Glucose

0.02M CrCl3
0.02M
KH2PO4

Water

Batch Reactor
170°C, 4.5 hr

50.3%LA
0% HMF

0.28M
Glucose

2M HCl

Water

0.1M Glucose

0.005M AlCl3

Water

Microwave
170°C, 30 min
Oven
140°C, 6 hr

48.6% LA
25% HMF
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2.5

Propo
osed Reactiion Mechan
nisms

Litera
ature proposes two pathways for glucose to form HMF.. The first
pathway, an
nd most pop
pular sugge
estion, is the
e fructose p
pathway. H
Here glucose
e
undergoes a keto-aldos
se isomeriz
zation to forrm fructose
e. Fructose will then
cy
yclize, unde
ergo dehyd
dration at C-1, isomerizze again to
o form the a
aldehyde of
HMF
H
and the
en finally de
ehydrate tw
wo more tim
mes to form HMF.25,19 T
The second
d
pathway involves direct conversio
on of glucosse to HMF. Pagan-Torrres and co-works
w
sugge
est glucose dehydrates at the C-2
2 position to
o form a ca
arbocation tthat
re
eacts with the
t hydroxy
yl group on C-5 to cycllize to tetrahydro-3,4-d
dihydroxy-5
5(h
hydroxymetthyl)-2-furaldehyde wh
hich then de
ehydrates ffurther to fo
orm HMF.
Jadhav and co-workers
s propose a 3-deoxy-2
2-keto pathw
way where the hydroxxyl
group of C-3
3 eliminates
s and then isomerizes to 3-deoxyyglucosone which then
n
ring closes and
a dehydrates to form
m HMF. Jad
dhav conclu
udes that th
he dehydration
of glucose to
o HMF proc
ceeds more
e readily thrrough the 3
3-deoxygluccosone
in
ntermediate
e, three time
es faster than fructose
e.19,25
Qian propose a mechanism
m through a direct cycllic mechaniism, not an
open-chain pathway for H+/H3O+ where
w
proto
onation occcurs on the C2-OH to fform
a C2-O5 bon
nd. 40 This is similar to
o the direct glucose to HMF path the Pagan-Torres
T
expla
ains. Fructo
ose can be formed thro
ough a 1,2 hydride shiift after the
fo
ormation off the 5 mem
mbered ring intermedia
ate. Barrierss for acid ca
atalyzed
dehydration are due to solvent competition fo
or protons.440
Ståhlberg and co
o-workers used
u
a deu terated glucose to stu
udy the
somerization mechanis
sm via NMR
R. The C2 p
position of the glucose
e was
is
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deuterated. If the reaction followed an ene-diol mechanism, most of the
deuterium would be in the solvent. This would support formation of a ketone on
the C2 position of fructose. The second option was a 1,2-hydride shift and the
fructose species would incorporate 100% of the deuterium. Ståhlberg found the
NMR showed less than 5% of deuterium incorporated into HMF, supporting the
first mechanism. However, enzyme isomerization of glucose occurs via the
second mechanism.41
Guan and coworkers propose HMF is formed by an open chain 1,2enedion mechanism or a fructofuranosyl cationic intermediate. In an ionic liquid,
[EMIM]Cl, and Cr(II) system the CrCl3- anion is the active site facilitating a
mutarotation in the isomerization of glucopyranose to fructopyranose. In ionic
liquid Cr, the ionic liquid cation, and chloride ion form a cluster where Cr(III) is
stable in a 5-membered ring structure. Reactivities of glucopyranose
isomerization into fructofuranose decrease in order for the following metal
catalysts WCl3, MoCl3, CrCl3, FeCl3.23
Cr is believed to stabilize ring opening of glucose through the Lewis acid
metal center during isomerization.25 Choudhary proposes an active M(H2O)5OH2+
species where M = Cr(III). This species stabilizes the aldo-keto isomerization
through an enolate.17 Pidko and coworkers propose that the active Cr(II) species
is CrCl42- and a binuclear Cr complex forms to stabilize activated anionic
sugars.29
Finally a combined Brønsted and Lewis acid system, or synergistic
catalyst, proposes a mechanism where the Lewis acid metal center and the
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Brønsted acid participate in isomerization and rehydration of HMF together. The
Cr3+ center draws electrons from the oxygen of the glucose’s carbonyl which
promotes the alpha H to dissociate and leads to the subsequent isomerization
into the enol intermediate. Protons attack the carbon double bond in the enol.
The use of Brønsted acid allows for an increase in H+ concentration to facilitate
isomerization as well as improve selectivity. For HMF it is hydrated and
dehydrated into the 2,5-dioxohex-3-enal intermediate where the Cr3+ interacts
with the oxygens from two carbonyl groups. Then the oxygens of H2PO4- can
attack the carbons of the carbonyls interacting with Cr3+ and facilitate the carbon
cleavage releasing levulinic and formic acid. H2SO4 and HCl are said to not make
good synergistic catalysts due to the lack complex formation with the
2,5-dioxohex-3-enal intermediate.4
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CHAPT
TER 3. IRON
N (III) CHLO
ORIDE HEX
XAHYDRAT
TE AS A SELECTIVE
E
DE
EHYDRATION CATAL
LYST FOR THE UPGR
RADE OF B
BIOMASS
CARBOHYD
C
DRATES

3.1
1

Introdu
uction

The most
m
abund
dant sugars
s from cellullose and he
emicellulose include
glucose and
d xylose. Th
hese carboh
hydrates ha
ave a high a
amount of o
oxygen rela
ative
to
o carbon. In
n order to successfully
y use glucosse and xylo
ose as platfform chemiccals,
alternative fu
uels or fuel additives they must b
be dehydratted. As reviiewed in
chapter two,, transition metals hav
ve been sho
own to dehyydrate fructtose, glucosse,
and xylose in aqueous and organiic environm
ments. Indusstrially, sulffuric acid iss
used as a de
ehydration catalyst. Ho
owever sulffuric acid iss difficult to store and use
due to its co
orrosiveness
s. It is also difficult to ccontrol the reaction pa
athways
re
esulting in the
t formatio
on of humin
ns alongside
n metal saltss
e products.. Transition
offer an alternative to mineral
m
acid
ds due to Le
ewis and Brønsted acid
ous solution
ns.
characteristiics in aqueo
In this
s chapter we
w investiga
ate the use of iron as a dehydration catalyst for
th
he transform
mation of gllucose into HMF and llevulinic accid. Evidencce will be
shown to furrther elucidate the reaction pathw
way for Fe. It will be sh
hown that F
Fe is
a robust cata
alyst that is
s capable of dehydratin
ng sugars ffrom bioma
ass material as
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well as pure glucose. Iron and aluminum offer more cost effective, earth
abundant metal alternatives to the more toxic chromium salts.

3.1.1 Microwave Irradiation
A microwave reactor will be used to quickly and efficiently heat
dehydration reactions. Microwave heating allows for a rapidly heated and cooled
reaction system. Microwaves quickly generate a desired internal temperature
without having to heat through bulk material. The speed of microwave heating
allows for higher yields, cleaner reactions, and lower reaction times.42
The majority of microwave research began during World War II when
researchers discovered high frequency radar using microwaves. Domestic
microwave ovens would not become widespread until the 1970s and 80s.
Current research with microwaves include chemical and biological applications
including catalysis, and synthesis from ligands to nanoparticles.43, 44
Microwave, or dielectric heating, is an alternative to classic thermal
heating techniques like conductive, convective, or radiative heating. The ability of
microwaves to heat materials relies in its ability to transform electromagnetic
energy into heat. It is important to understand that the energy of microwaves is
only enough for creating heat but not for exciting electrons. Wavelengths are in
between infrared and radio frequencies, with wavelengths of 1cm to 1m or
300GHz-300MHz frequencies. High energy microwaves have a high frequency
and small wavelengths. Some photon energies like those of gamma- or x-rays
have enough energy to excite inner core electrons with eV to the sixth or fifth
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power, ultraviolet and visible light can initiate chemical reactions, and infrared
radiation can excite bond vibrations. Microwaves have an energy of around
0.0016 eV; which is less than that of Brownian motion and only excites molecular
rotations. The energy required to dissociate a hydrogen atom from a hydroxide
group or a carbon requires 5.2 or 4.5 eV of energy. Therefore microwaves cannot
and do not induce chemical changes on their own.45,43
Microwaves behave similar to light waves and will change direction when
traveling from one dielectric material to another. Microwaves are reflected by
metallic objects, absorbed by some materials, and not absorbed by other
materials. Ceramics and thermoplastics only slightly absorb microwaves. Water
and carbon are very good at absorbing microwaves which have resulted in their
use with food. Domestic ovens and laboratory systems need to use microwave
frequencies that will not interfere with telecommunications and cellular phone
frequencies; the ideal range is 2.45 GHZ or 12.2cm.45
Interaction between electromagnetic waves and mater is quantified by two
types of complex physical qualities, magnetic susceptibility, and dielectric
permeability. The magnetic component of the wave structures magnetic
moments.45 Electromagnetic waves can reorganize dipole moments and induce
electric conduction. Absorption of microwaves by a material depends on the
electromagnetic interactions of the specific polar molecules or dipoles of that
material. There are also thermal effects of microwaves that arise from the dipole
inversion. The alternating electric field results in molecular friction and energy
dissipates in the form of heat. Because this energy dissipation occurs at the
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molecular level, there is a regular and higher temperature distribution than
compared to conventional heating methods. For liquids, only polar molecules
selectively absorb microwaves.46
The effects microwaves have on reactions can be attributed to thermal
and non-thermal effects. Thermal effects include overheating, hot spots creation
and selective heating. Non-thermal effects include highly polarized fields. The
increased mobility and diffusion may create an increase in probability of effective
reaction collisions. Looking at the Arrhenius equation, the reaction rate can be
understood as follows:
(3. 1)
The rate constant, k, is defined by A, the pre exponential factor, that also
includes the probability of molecular impacts or molecular alignment, Ea the
activation energy, T the temperature of the reaction, and R the gas constant. By
influencing the orientation of polar molecules you would influence the collision
efficiency and therefore increase the pre-exponential factor, A, without changing
the activation energy, Ea. Another way the reaction is influenced is by the outright
decreasing of the activation energy, EaThis can be explained when thinking in
terms of enthalpy and entropy.

∆

∆

∆

(3. 2)

According to Perreux, the magnitude of – TS would increase for a reaction
heated by microwaves. Microwave heating results in more organization than a
reaction heated conventionally due to the difference in dipolar polarization. In
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Biomass included poplar and switchgrass samples. Poplar was obtained
from Purdue University’s Department of Forestry and Natural Resources. The
poplar sample was a hybrid aspen INRA 717-1B4 (P. tremula x P. alba, WT-717).
Switchgrass was obtained from Dr. Keith Johnson and was grown at
Throckmorton-Purdue Agricultural Center near West Lafayette, Indiana. Both
biomass samples were dried to about 5% moisture and milled to fine particles
using a No. 20 mesh; 0.841mm openings. Carbohydrate composition was
determined by the Mosier research group using the LAP002 sulfuric acid
digestion method.48 Poplar was composed of 23% xylans and 42% glucans.
Switchgrass was composed of 18% xylan and 45% glucans.

3.2.2 Dehydration Reactions
Dehydration reactions were performed with a CEM Discover SP/S-class
microwave reactor. A one milliliter aqueous solution (made with Millipore filtered
water) of 0.1M FeCl3 6H2O and 0.25M glucose was added to a 10 mL glass
microwave reaction vessel. Three milliliters of 2-methyltetrahydrofuran (MeTHF)
was then added to the vessel along with a small Teflon coated stir bar. Using the
fixed power control method, reactions were heated to 140 - 200°C at 100 or 200
watts of microwave power for up to 60 minutes. Reaction times began once the
set temperature was achieved as registered by the instrument’s IR temperature
sensor. Reactions were quenched by a nitrogen gas flow which cooled the
system to 60°C.
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3.2.3 Analysis
After the reaction completed the organic layer was separated from the
aqueous layer. The aqueous layer was washed two times with small aliquots of
MeTHF. The wash aliquots were combined with the original organic layer and
filtered through a glass wool plug. The organic layer was concentrated to a few
hundred microliters using a Buchii Rotavapor. The concentrated organic layer
was analyzed by proton NMR (Bruker ARX400, qnp probe, 32 scans) using
deuterated acetone (Cambridge Isotope Laboratories, 99.9%) and an internal
standard of N,N-dimethylformamide (Macron, 99.8%). The NMR data for HMF,
furfural, and levulinic acid is as follows. 5-(hydroxymethyl)-2-furfuraldehyde
(C6H6O3) 1H NMR (400 MHz, acetone-D6):  9.59 (s, 1H), 7.38 (d, J = 3.4 Hz,
1H), 6.58 (d, J = 3.4 Hz, 1H), 4.72 (dd, J = 5.6, 6.6 Hz, 1H), 4.63 (d, J = 6.0 Hz,
2H). Furan-2-carbaldehyde (C5H4O2) 1H NMR (400 MHz, acetone-D6):  9.67 (s,
1H), 7.94 (m, 1H), 7.44 (d J = 3.6 Hz, 1H), 6.74 (dd, J = 3.6, 1.7 Hz, 1H). 4oxopentanoic acid (C5H8O3) 1H NMR (400 MHz, acetone-D6):  2.72 (t, J = 6.5
Hz, 2H), 2.50 (t, J = 6.5 Hz, 2H), 2.12 (s, 3H). Integration and analysis of NMR
spectra was performed with Mest Re Nova version 8.1
The aqueous layer was collected, diluted 20 times, and filtered through a
polypropylene syringe filter with 0.2 micrometer pores prior to analysis by HPLC.
A Waters 2695 Separations Module with a Bio-Rad Aminex HPX-87H column
and Waters 2414 Refractive Index Detector was used. Sample analysis used a
0.005 M sulfuric acid or a 5 %( w/w) acetonitrile in 0.005M sulfuric acid mobile
phase at a flow rate of 0.6 mL min-1. Column temperature was 65°C. Quantitative
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100 W, and a temperature set point of 160°C held for 20 minutes. The biphasic
solvent system was used in order to maintain maximum product formation.
Manganese and both zinc halide salts were not explored further due to
their low HMF yields. Fe (III) chloride produced the most HMF out of all of the
metal salt surveyed. Molybdenum (Entry 7 in Table 3-1) showed poor HMF
formation despite transforming almost all of the glucose. However it produced
45.6% levulinic acid while all other entries produced very little to no rehydration
products. Mo was investigated further using lower catalyst concentrations.

Table 3-1: Different Transition Metal Salt Catalysts for Glucose Dehydrationa
Entry

Metal Salt Catalyst, 0.1M

% Yield of HMF

1

Iron (III) Chloride hexahydrate
Zinc Sulfate heptahydrate
Iron (III) Sulfate hydrate
Iron (II) Chloride, anhydrous
Zinc Chloride
Zinc Bromide
Molybdenum (V) Chloride, anhydrous
Manganese(II) acetate tetrahydrate

14
9
6
5
4
4
3
0

2
3
4
5
6
7
8
a

Dehydration reactions used 0.25M glucose with the respective catalyst in 1 mL H2O and 3 mL MeTHF.
Reactions were heated to 160°C (100 W) for 20 minutes.

Initial catalyst concentration began at 40 mol% relative to the substrate.
Due to the large amount of rehydration product formed, the amount of Mo was
reduced to 10 and 4%. Table 3-2 shows the product yields for these
concentrations. At 4 mole %, Mo still transforms almost all of the glucose but the
improvement in yields were not as high or selective as to be a competitive with
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previously reported dehydration catalysts. In addition, all Mo reactions formed
insoluble black precipitate indicative of humin and insoluble polymer formation.

Table 3-2: Changing the Concentration of Molybdenum Catalyzed Dehydration
Reactionsa
b

Entry

Conc. of MoCl5, M

% Yield of HMF

% Yield of Levulinic Acid

1

0.100

3

46

2

0.025

18

20

3

0.010

15

15

a

Dehydration reactions used 0.25M glucose with the respective catalyst in 1 mL H2O and 3 mL
MeTHF. Reactions were heated to 160°C (100 W) for 20 minutes.
b
For all three concentrations conversion of glucose was 90-100%.

The catalyst amount of Fe (III) chloride was also varied. Table 3-3 shows
how the conversion and selectivity change with the amount of catalyst. At
concentrations of 30 mol% the HMF selectivity improved to 80%, where using
40% catalyst reduced HMF selectivity. However at the higher catalyst
concentration we see an almost double increase in the amount of glucose
transformed.

Table 3-3: Changing Iron Concentrations for Dehydration Reactionsa
Entry

FeCl3 (mol %)

% Yield
of HMF

% Yield of
Levulinic Acid

% Glucose
Converted

% HMF
Selectivity

1

40

14

6

49

28

2

30

23

7

28

81

a

Dehydration reactions used 0.25M glucose with the respective catalyst in 1 mL H2O and 3 mL MeTHF. Reactions
were heated to 160°C (100 W) for 20 minutes.
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3.3.2 Maximizing the Dehydration Reaction with Microwave Irradiation
Iron catalyst dehydration reactions used fixed power microwave irradiation.
The CEM reactor program controlled the temperature set point by rapidly cycling
the irradiation on and off. The effects of different temperatures and microwave
powers will be looked at as the dehydration reaction progress over time.
Figure 3-1 shows how the dehydration and rehydration reactions
proceeded over time when using low power, 100W microwaves, to heat an FeCl3
and glucose reaction to 160°C . Maximum glucose conversion is 72% after one
hour. This reaction system was selective towards HMF over LA. The maximum
HMF produced in an hour was around a 30% yield.

100
% Glucose Converted

80

% Yield of HMF
60
%

% Yield of Levulinic Acid
% Yield of Formic Acid

40

% HMF Selectivity

20

% LA Selectivity
0
5

10
30
Time, minutes

60

Figure 3-1: Time Profile for 0.1M FeCl3 System Heated to 160°C (100 W)
Glucose (0.25M) was reacted with 0.1M FeCl3 in 1 mL H2O and 3 mL MeTHF.

When a higher microwave power, 200W, is applied to the FeCl3-glucose
system to achieve 160°C, we begin to see a change in the amount of glucose
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being converted as well as a change in product selectivity (Figure 3-2). The
amount of glucose converted is now around 80% after one hour. The production
of levulinic acid steadily increases over the course of the reaction. And unlike the
previous reaction system, the production of HMF begins to decrease after 30
minutes.

100
80
% Glucose Converted
% Yield of HMF

60

% Yield of Levulinic Acid
% Yield of Formic Acid

40

% HMF Selectivity
20

% LA Selectivity

0
5

10

30

60

Figure 3-2: Time Profile for 0.1M FeCl3 System Heated to 160°C (200 W)
Glucose (0.25M) was reacted with 0.1M FeCl3 in 1 mL H2O and 3 mL MeTHF.

By maintaining high microwave power but increasing the temperature to
200°C a change in conversion and product selectivity was observed
Figure 3-3). Complete glucose conversion occurs at 30 minutes. Product
selectivity began favoring HMF and then switched to very high levulinic acid
selectivity after 5 minutes of reaction time. At 60 minutes more than an 80% yield
of levulinic acid
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Figure 3-3: Time Profile for 0.1M FeCl3 System Heated to 200°C (200 W)
Glucose (0.25M) was reacted with 0.1M FeCl3 in 1 mL H2O and 3 mL MeTHF.
(Very similar results can also be seen when heated to 180°C (200 W).

has been produced and very little HMF is detected. At this temperature and high
microwave power, the best production of HMF and levulinic acid gives a 39 and
88% yield respectively (Table 3-4).

Table 3-4: The Best Production of HMF and Levulinic Acid from Glucose
% Glucose
Converted

% Yield
of HMF

% Yield of
Levulinic Acid

% Yield of
Formic Acid

% HMF
Selectivity

% LA
Selectivity

a

70

39

22

23

56

32

b

100

2

88

68

2

88

Entry
1
2
a

Dehydration reactions used 0.25M glucose with 0.1M Fe (III) in 1 mL H2O and 3 mL MeTHF. Reactions were heated
to 200°C (200 W) for 5 minutes.
b
Dehydration reactions used 0.25M glucose with 0.1M Fe (III) in 1 mL H2O and 3 mL MeTHF. Reactions were heated
to 200°C (200 W) for 60 minutes.
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3.3.3 Using Brønsted Acids as a Co-Catalyst for Iron
Experiments were performed to look at small additions of a Brønsted acid
to the Fe (III) Lewis acid catalyst and its effectiveness. Table 3-5 illustrates how
glucose is transformed when using only a Lewis acid or Brønsted acid catalyst
(entry 1 and 3, respectively) or when both types of catalyst are used together.
The biggest changes between the different types of catalyst systems were
evident in the conversion and selectivity. At high temperatures for a short amount
of time using the Brønsted and Lewis acid together converted the most glucose.
However the best HMF selectivity was only evident when a single catalyst type
was used.

Table 3-5: Using Brønsted Acid as a Co-catalyst with Irona
% Yield of
HMF

% Yield of
Levulinic Acid

FeCl3 • 6H2O

39

22

70

56

32

2

FeCl3 • 6H2O +
0.05M HCl

29

24

83

35

29

3

HCl, pH=1
(0.1M)

27

11

40

66

27

Entry

Catalyst

1

% Glucose
Converted

% HMF
Selectivity

% LA
Selectivity

a

Dehydration reactions used 0.25M glucose with 0.1M Fe (III) in 1 mL H2O and 3 mL MeTHF. Reactions were heated
to 200°C (200 W) for 5 minutes.

Different types of Brønsted acids were tested for their co-catalyst activity
(Table 3-6). Again, the different types of acids did not dramatically change
product yields, but changes to glucose conversion can be observed. When we
look closer at hydrobromic acid as a co-catalyst to Fe (III) we see selectivity
differences between the combined system and an individual Brønsted acid

36
catalyst. In entry 3 and 9 of Table 3-7 it can be observed that by using HBr with
iron the production of HMF is suppressed. Again, increased conversion of
glucose is also observed for this combined acid system.

Table 3-6: Different Type of Lewis-Brønsted Acid Systemsa

Entry

Co-catalyst

% Yield
of HMF

% Yield of
Levulinic Acid

% Glucose
Converted

% HMF
Selectivity

% LA
Selectivity

1

Sulfuric Acid

23

21

82

29

26

2

Hydrobromic Acid

28

21

80

35

27

3

Hydrochloric Acid

29

24

83

35

29

4

Formic Acid

26

14

65

40

21

5

Maleic Acid

38

22

a

Dehydration reactions used 0.25M glucose with 0.1M Fe (III) and 0.05M (pH = 1.3) of above respective co-catalyst
in 1 mL H2O and 3 mL MeTHF. Reactions were heated to 200°C (200 W) for 5 minutes.

When Fe(III) and HBr are used together in large concentrations, 0.1M and 0.5M,
glucose conversion increases and HMF yield decreases (Table 3-4). Significant
yields of levulinic acid do not become evident until a concentration of 0.5M HBr is
used for individual or combined systems. Entry 5 shows that for a very low
concentration of HBr, 0.0025M combined with Fe, no changes in selectivities
were observed but there was an increase in glucose conversion.
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Table 3-7: Comparing Single Brønsted Acid Dehydration and Combined for Fe
(III) and HBr Acid Systemsa

No.

Concentration
of Fe(III), M

Concentration
of HBr, M

% Yield of
HMF

% Yield of
Levulinic Acid

% Glucose
Converted

% HMF
Selectivity

% LA
Selectivity

1

0

0.005

Trace

Trace

0

N/A

N/A

2

0

0.050

8

5

16

49

29

3

0

0.500

18

68

88

21

78

4

0.1

0

14

6

49

28

12

5

0.1

0.0025

21

10

90

23

12

6

0.1

0.0050

24

21

61

50

21

7

0.1

0.0250

26

18

90

29

20

8

0.1

0.0500

23

24

75

32

31

9
0.1
0.5000
4
69
97
4
a
Dehydration reactions used 0.25M glucose with 0.1M respective catalysts in 1 mL H2O and 3 mL MeTHF.
Reactions were heated to 160°C (100 W) for 20 minutes.
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3.3.4 Comparing Iron to Aluminum and Chromium Salt Catalysts
AlCl3 and CrCl3 were also used as dehydration catalysts in the biphasic
solvent system. Dehydration reactions for Al and Cr were also compared to the
performance of Fe at short times when using 200°C (200 W). Both Cr and Al
were able to transform all of the glucose; however the selectivity towards HMF
and levulinic acid was very low when compared to the selectivity for products
when using Fe. This reactivity difference will be important when we look at
transition metal salts abilities to use biomass as a substrate, which will be
discussed in section 3.4.
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Figure 3-4: Comparing Glucose Transformation for Three Transition Metal Salts
Glucose (0.25M) was reacted with 0.1M of the respective catalyst in 1 mL H2O
and 3 mL MeTHF and microwave irradiated for 5 minutes at 200°C (200 W).

When comparing Al and Cr to the Fe reactions it was evident that Al and
Cr were able to easily transform all of the glucose. However when comparisons
between product yields and selectivities are made it is evident that for high power
and high temperature reactions Fe does a much better job than Al and Cr
dehydrating glucose into desirable products.

3.3.5 Dehydration of Other Substrates
Carbohydrate substrates beyond glucose and fructose were studied.
Cellobiose was easily transformed by Fe (III) converting almost all of the
substrate and improving the HMF selectivity for the reaction. Levulinic acid and
HMF are both susceptible to decomposition into other products. Xylose only
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forms Furfural, at a 41.8% yield, and no other desired products, entry 4 in
Table 3-8.

Table 3-8: Dehydration of Different Model Compoundsa
Entry
1

Substrate

% Monomer remaining in
aqueous layer

% Yield of
HMF

% Yield of
Levulinic Acid

Cellobiose

0.2

34

21

b

2

HMF

3.0

34

44

3

Levulinic Acid

5.4

0

75c

4

Xylose

2.1

0

0

a

Dehydration reactions used 0.25M monomer with 0.1M Fe (III) in 1 mL H2O and 3 mL MeTHF. Reactions
were heated to 200°C (200 W) for 5 minutes.

b

Percentage of starting HMF remaining after reaction
c
Percentage of starting LA reaming after reaction

As a catalyst Fe is not only able to dehydrate glucose but it also is able to
hydrolyze the glycosidic bonds that link the glucose polymer chains. Dehydration
reactions using a milled unprocessed biomass have shown significant yields of
desirable products. Figure 3-6 shows the product yields for different reaction
conditions for transformations of a poplar substrate. For short reaction times, a
significant amount of furfural was made from xylans relseased from biomass.
Furfural yields of 60% were around the same value even when reaction times
were extended to 30 minutes. Reactions for 60 minutes proved to be too long,
reducing valuble product yields as well as increasing the amount of solids
present in the reaction system. Solids included undissolved biomass as well as
insoluble humions and polymers. There was also little difference in washed and
unwashed biomass.
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Figure 3-5: Dehydration of Biomass Glucans using Iron
An amount of biomass yielding 0.25M glucans was reacted with 0.1M FeCl3
catalyst in 1 mL H2O and 3 mL MeTHF and microwave irradiated for various
times at 200°C (200 W).

When using Al as a catalyst for biomass dehydration there was a large
difference in the amounts of products made. Al was not only able to generate
almost 60% furfural at short times, 5min, but the HMF yield was almost twice of
that made from Fe in the same amount of time (Figure 3-6). However at short
reaction times there was a significant amount of solids remaining in solution. For
30min reaction times the amount of solids decreased but the amounts of HMF
and furfural decreased. At 60 minutes the amount of solids began to increase
again and the only significant product amount was 40% of levulinic acid, 40%
yield.
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Figure 3-6: Dehydration of Biomass Glucans using Aluminum
An amount of biomass yielding 0.25M glucans was reacted with 0.1M AlCl3
catalyst in 1 mL H2O and 3 mL MeTHF and microwave irradiated for various
times at 200°C (200 W)

At high power and high temperature conditions Cr produced the least
amount of desired products (Figure 3-7) at short and long reaction times. Five
minute and 60 minute reactions all had a large amount of solids remaining in
solution. Short reaction times left behind a lot of un-hydrolyzed material but
longer reaction times formed insoluble humins and polymers in addition to
undissolved biomass.
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conversion of glucose as well as the yield of desired products follows a linear
increase over time. However, for Figure 3-2 the production of desired products
and selectivities have a noticeable decrease, almost peaking around 30 minutes,
while the conversion of glucose continues to follow a linear increase over time.
These two results can be explained by the different applications of microwave
power
As outlined in section 3.2, the reaction system used a fixed power
program. The microwaves were cycled on and off in order to maintain
temperature. The reactions in Figure 3-1 were set up to maintain 160°C using
100W of power while the reactions in Figure 3-2 used 200W of power to control
the temperature. In order to maintain 160°C, the instrument cycled 200W of
power less frequently. In other words there was more time when the microwaves
were off for the reactions in Figure 3-2 then they were for reactions in Figure 3-1.
Even though the temperatures were the same, the products reacted differently to
the amount to electromagnetic waves being applied to the reaction system.
The reaction system in Figure 3-3 utilized a maximum temperature as well
as maximum microwave power. 200W was the maximum recommended
microwave power to be used for reactions in water and 200°C was the maximum
value the reaction system could generate. The instrument frequently cycled the
power on and off to control temperature; the cycles for a 200W 200°C reaction
system were two times that of a 200W 160°C reaction system.
The applications of microwaves are effecting the collisions as well as the
polar molecules to result in enhanced reaction pathways for the production of
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HMF. However if the applications of microwaves was only improving the effective
collisions between catalyst and substrate, we should see similar activity when we
look at other catalysts using high temperature and power reactions. Looking at
Figure 3-4 we can see that the three transition metals, Fe, Al, and Cr have
different responses to the increased microwave power. Al and Cr were able to
transform all of the glucose, however only a small amount of this transformation
resulted in the production of HMF or levulinic acid. Here the effect of increased
collisions did not result in the improvement of desired product pathways.
Microwave irradiation must be stabilizing a polar intermediate that is only
generated by an iron catalyst and is not present in Cr or Al catalysts reactions.
Differences in catalyst interactions with microwaves may be influenced by
the differences in the ion’s physical properties. Table 3-9 lists the physical
properties for the ions that are involved in the transformation of glucose. Entries
1-6 have been shown to transform significant amounts of glucose into valuable
products while the remaining entries have shown less then promising product
yields under mild reaction conditions. The clearest trend that differentiates entries
1-6 from the rest of the catalyst ions are the low pKa values, resulting in the
formation of acidic solutions. Looking closer at Fe(III), Cr(III) and Al (III), Fe has
the higher pKa, electronegativity, as well as polarizability. These three properties
may be responsible for the ability of microwave irradiation to improve iron’s
reaction mechanisms. Glucose to HMF formation increases with decreasing ionic
radii, this allows the catalyst to have a stronger electrostatic interaction between
glucose and the smaller cation.25 This trend seems to follow, especially for the
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biomass samples, Fe did the best followed by Al and then Cr, which has the
largest radii of the three metals. However other sources indicates
electronegativity is more important for metal ligand interactions than radii.49

Table 3-9: Physical Properties for All of the Catalyst Ions Used in this Study
Entry

Catalyst Ion

pKaa

Radiusb, pm

Electronegativityb

Electric
Polarizabilityc, Å3

1

SO42-

(S) 2.58

~5

-7

181

3.16

4.65

-

-9

196

2.96

N/A

3

Br

4

Fe3+

2.2

55

1.83

2.14

5

3+

4

62

1.66

1.565

6

3+

Al

4.85

53

1.61

0.417

7

Fe2+

9.49

61

1.83

1.339

8

Zn2+

9.0

74

1.65

1.297

9

Mo

5+

N/A

61

2.16

N/A

10

Mn2+

10.6

67

Cr

Used source

16

Used source

16

for all entries

Used source

52

for entry 1 and source

b
c

(S) 184

Cl

2

a

-2.0, 1.9

-

for entries 1-3; source

50

for entry 4; source

53

for entries 2-10

1.55
51

for entries 4, 8, 10; and source

1.39
26

for entries 6-7

The pathways to desired and undesired products were influenced by the
amount of catalyst present as well as the amount of glucose transformed. When
comparing entry 1 in Table 3-3 and entry 1 in Table 3-4, the selectivity for HMF
almost doubles; 27.9 to 56% selectivity. And by running the high temperature and
wattage reaction for longer times, the conversion of glucose into HMF follows into
the rehydration path to form levulinic acid. From a sulfuric acid solution a 62%
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yield of levulinic acid can be achieved from glucose at 140°C.39 In this chapter an
FeCl3 solution was shown to yield 88% levulinic acid at 200°C
The reactions with Fe and the Brønsted acid showed little results for
improved selectivity and desired product yields. The biggest change resulted in
an increase in the amount of glucose transformed. The presence of additional or
excess protons from a Brønsted acid did not result in improved selectivity.
Other substrates were used for dehydration reactions. When using HMF
as a substrate it results in the formation of levulinic acid. And when levulinic acid
is used as a substrate it is relatively stable with 25% transforming into other
products. The addition of formic acid does not result in increased selectivity or
yields, and shows no change in levulinic yields this other literature shows that
Formic acid is produced before levulinic acid and does not promote any Le
Chatelier shift towards levulinic acid production.
When using biomass substrates, Cr continues to struggle to transform
glucose or glucans into valuable products giving low yields. Al, however is able to
produce significant amounts of HMF, and furfural from xylans, in a short amount
of time. However increased reaction times do not improve results. Catalysts
differences are made more complex due to the biomass substrates which bring
other carbohydrates, proteins, lipids and other materials into the reaction system
that can result in helping or hindering the reaction system.
Kamireddy and co-workers used FeCl3 as a pretreatment of biomass. Fe
increased hemicellulose hydrolysis in aqueous solution and increased
hemicellulose removal when compared to a hot water treatment. Pretreatment
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where it will become incorporated into the cell’s system through the salvage
pathway. Xyloglucan is made from recycled monosaccharides and extracellular
fucose in the Golgi. Xyloglucan is also made through a de Novo pathway where
fucose is only made from mannose.55 This allows for a modified fucose to be
introduced into a plant cell and allowed to become incorporated in to the
synthesis of the wall.
By making a minor modification to the C-5 position of a sugar and
acetylating its -OH groups to facilitate membrane diffusion, Sawa and co-workers
demonstrated the incorporation of azido fucose into mammalian cells. Sawa used
a small, mostly chemically inert azide group to tag the fucose.55

4.1.3 Fluorescence
Fluorescent techniques offer high specificity while usually being nondestructive to the sample. Fluorescent active compounds will absorb UV or
visible light which will cause electrons to become excited to a higher energy
orbital. The absorbance of energy promotes a ground state electron into a
vibrational state and results in excited electronic and vibrational states.
Absorption also occurs in a very short amount of time, around 10-15 seconds.
After absorption of light the vibrational modes will relax very quickly and the
compound will undergo internal conversion as a radiationless transfer occurs.
Non-fluorescent molecules will return to ground state efficiently be transferring
heat to the surrounding solvent. Fluorescent molecules will give off their energy
as light when they return to ground state. The lifetime of this excited state is
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dependent on many factors including the molecules’ environment which includes
solvent and nearby molecules that can quench the fluorescence. Emitted
fluorescent light will be of lower energy and longer wavelength than the light that
was absorbed. Biologically proteins like tryptophan and cofactors like flavins,
pyridine nucleotides and pyridoxal are naturally fluorescent. Fluorescent dyes
can be used to mark proteins or membranes. Studying a biological system with
fluorescent compounds may involve looking for the formation of or loss of
fluorescent compounds. Fluorogenic reaction can also be used in a similar way
to generating colored compounds for spectrophotometry.56

4.1.4 Click Chemistry
Rostovtsev and co-workers demonstrated the benefit of using an azide
group to undergo a Huisgen 1,3-dipolar cycloaddition with an alkyne to create a
fluorescent probe.57 Using the techniques proposed by Sawa and co-workers, 4ethynyl-N-ethyl-1,8-naphthalimide (4ENP) and peracetylated azido fucose (aAF)
can be clicked together to generate a fluorescent species with a signal stronger
then the individual reactants.
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4.2.3 Probe Synthesis
Synthesis of the alkyne probe structure began with the commercially
available 4-Bromo-N-ethyl-1,8-napthalimide compound and followed the
procedure outlined in the supporting information from Sawa and co-workers.55
The structure was confirmed through NMR analysis using a Bruker ARX400 with
a qnp probe. 4-ethynyl-N-ethyl-1,8-naphthalimide (C16H13N1O2): 1H NMR (400
MHz, CD2Cl2):  8.68 (dd, J = 1.11, 8.40 Hz, 1H), 8.61 (dd, J = 1.13, 7.29 Hz, 1H),
8.51 (d, J = 7.57, 1H), 7.95 (d, J = 7.56 Hz, 1H), 7.85 (dd, J=7.31, 8.34 Hz, 1H),
4.20 (q, J = =7.11, 7.11, 7.10 Hz, 2H), 3.81 (s, 1H), 1.29 (t, J = 7.08, 7.08Hz, 3H)

4.2.4 Modified Sugar Synthesis
Starting from the commercially available L-galactose, and azido tagged
fucose was synthesized by following the previous published methods.59 The
structure was confirmed through NMR analysis using a Bruker ARX400 with a
qnp probe. 6-azido-1,2,3,4-tetra-O-acetyl-6-deoxy-a,b-L-galactopyranose
(C14H19N3O9): 1H NMR (400 MHz, CD2Cl2)  5.50 (d, J = 5.0 Hz, 1H), 4.61 (dd, J
= 7.9, 2.5 Hz, 1H), 4.32 (dd, J = 5.0, 2.5 Hz, 1H), 3.93 – 3.87 (m, 1H), 3.46 (dd, J
= 12.8, 8.2 Hz, 1H), 3.30 (dd, J = 12.8, 4.8 Hz, 1H), 1.31 (s, 3H), 1.42 (s, 3H),
1.51 (s, 3H), 1.55 (s, 3H). 13C NMR (400 MHz, CDCl3)  170.23-169.06, 92.26,
73.32, 70.96, 67.81, 67.64, 50.19, 21.01-20.65. 1,2,3,4-tetra-O-acetyl-6-deoxya,b-L-galactopyranose (C15H22O9): 13C NMR (400 MHz, CDCl3)  170.68-169.29,
90.12, 70.73, 67.97, 67.43, 66.62, 21.06-16.07.
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4.2.5 Feeding Plant Protoplast Cells
Many of the click reaction experiments performed in the literature use
millimolar concentrations of the material. Due to the expensive starting material,
and expected fluorescent intensity, micromolar concentrations of reactants were
used for these experiments. The first feeding experiment used 25M azido
fucose added to the feeding media. But due to poor click reactions, the feeding
experiment was repeated with a much larger amount of azido fucose, 200M
(See Table 4-1) to increase activity.

Table 4-1: Setup of Feeding Reactions
(+) aAF
Feeding
1





Feeding
2





(+) Fucose

Culture Media
Cultured Cell
Suspension
25uM Peracetylated
– Azido Fucose




Culture Media
3mL of washed
Cultured Cell
Suspension
200uM
Peracetylated –
Azido Fucose








(-) Fucose

Culture Media
Cultured Cell
Suspension
25uM Peracetylated
-Fucose



Culture Media
3mL of washed
Cultured Cell
Suspension
200uM Peracetylated
-Fucose





Culture
Media
Cultured Cell
Suspension
Not used

The growth of protoplasts was monitored by observing the amount of light
that would pass through a suspension of protoplasts. As the cells continued to
grow, the amount in solution would increase and less light would pass through
the solution. This offered a quick and easy way to monitor cell growth over time.
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fluorescent probe, an aAF clicked reaction and a controlled fucose clicked
reaction, the range of intensities has a very broad range for the azide-alkyne click
reaction. This inconsistency between fluorescent readings of samples is evident
throughout all experiments.

Table 4-2: Summary of Maximum Intensities for Probe and Click Reactions
Compound

Naphthalimide
Probe
Reacted Azido
Fucose
Reacted Fucose

Highest Maximum
Intensity

Lowest Maximum
Intensity

Difference

13.7E+06

8.2E+06

05.5E+06

20.5E+06

6.3E+06

14.2E+06

14.5E+06

8.5E+06

6.0E+06

4.3.1 Fluorescence of Alkyne Probe
The individual alkyne naphthalimide probe will fluoresce on its own. When
the azide ring is formed the fluorescence of the aromatic structure and the azide
ring should be much greater than that of the structure without the azide ring.
4ENP was dissolved in a DMSO solution and fluoresced. Looking at six different
trials of fluoresced 4ENP solutions in Figure 4-3 you can see most trials fall
around a maximum emission of 8E+06 counts per second (c.p.s) with one trial
emitting a maximum intensity of 13E+06.
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12.0E+06
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660
678
696

00.0E+00

Wavelength, nm

Figure 4-3: Emission Spectrum for 200M Naphthalimide Probe in 56%DMSO
Excited at 357nm

When the concentration of 4ENP was cut in half the variability in emission
remained with maximum intensities of 8, 9 at 10E+06 c.p.s. (Figure 4-4).

20.0E+06
Trial 1

16.0E+06

Trial 2
Trial 3

c.p.s.
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00.0E+00

Wavelength, nm

Figure 4-4: Emission Spectrum for 100M Naphthalimide Probe in 56%DMSO
Excited at 357nm
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The forms of the peaks also changed with concentration, from 200M to 100M,
going from one or two features to three peaks.
When the sugars were added to the 4ENP solution the shape of the peak
changes but the variability in maximum emissions remains the same. For the
higher concentration of azido sugar and probe, 200M, the highest fluorescent
emission was 20E+06 c.p.s (Figure 4-5).

20.0E+06

aAF Click Trial 1
aAF Click Trial 2

16.0E+06

aAF Click Trial 3
Fucose Click Trial 1

c.p.s.

12.0E+06
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628
644
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692

00.0E+00
Wavelength, nm

Figure 4-5: Emission Spectrum for 200M of Azide Tagged and Untagged Sugar
Clicked in 56%DMSO and Excited at 357nm

The lowest emission for a clicked trial was 12E+06, which is very close in
value to the maximum for 200M 4ENP by itself (13.7E+06 c.p.s.). For the lower
concentration of azido sugar and probe, the maximum fluorescent emission is
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19.5E+06 c.p.s. Repeating this trial again resulted in a maximum emission
of 16.5E+06. For both concentrations, adding an azido sugar to the 4ENP
solution produced a large signal than when a fucose sugar, without an azido
group, was added to the reaction.

20.0E+06
16.0E+06

aAF Click Trial 1

c.p.s.

aAF Click Trial 2
12.0E+06
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08.0E+06
04.0E+06

372
388
404
420
436
452
468
484
500
516
532
548
564
580
596
612
628
644
660
676
692
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Figure 4-6: Emission Spectrum for 100M of Azide Tagged and Untagged Sugar
Clicked in 56%DMSO and Excited at 357nm
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Table 4-3: Maximum Intensities for Azido Tagged and Untagged Sugars at
Different Concentrations and in Different Solvents
Clicked sugar
Entry type
1
aAF
2
aAF
3
aAF
4
aAF
5
aAF
6
aAF
7
aAF
8
aAF
9
aAF
10
Fucose
11
Fucose
12
Fucose
13
Fucose
14
Fucose
15
Fucose

Concentration,
M
200
200
200
100
100
200
200
100
100
200
200
100
200
200
200

Max Intensity,
c.p.s.
20.4E+06
12.6E+06
20.4E+06
19.5E+06
16.5E+06
16.1E+06
20.5E+06
6.30E+06
18.9E+06
8.78E+06
11.2E+06
8.50E+06
14.0E+06
14.5E+06
11.1E+06

Solvent
DMSO
DMSO
DMSO
DMSO
DMSO
HEPES
HEPES
HEPES
HEPES
DMSO
DMSO
DMSO
HEPES
HEPES
HEPES

These experiments were also repeated in a buffered solution of HEPES instead
of a DMSO solution. High and low maximum signals (20E+06 and 16E+06 for
200M reactants) were also achieved in the different solvent. Table 4-2
summarizes the maximum intensities for azido fucose and plain fucose reactions
with 4ENP in DMSO and HEPES.

4.3.2 Fluorescence of Azido Sugar Fed Plant Cells
As described in the methods section, protoplast plant cells were cultured
in a media infused with the azido tagged fucose or untagged fucose. Once the
cells multiplied in the sugar the mixtures were separated. The media was
decanted from the pelleted cells. The cells were then crushed to release their
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insides and the internal protoplasts were separated from their walls. Each of
these three fractions was used in a click reaction to detect for the presence of
azido fucose.
The media fraction was analyzed in a dilution of DMSO and with HEPES
buffer (Figure 4-7). The different solvents caused a slight shift in the maximum
intensity wavelength emission; otherwise only a small change was observed
between the azido clicked and controlled reaction (17E+06 vs. 15E+06 c.p.s.)

aAF Media Fraction Clicked in HEPES

20.0E+06

Fucose Media Fraction Clicked in HEPES

c.p.s.

16.0E+06

aAF Media Fraction Clicked in DMSO
Fucose Media Fraction Clicked in DMSO

12.0E+06
08.0E+06
04.0E+06

372
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516
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548
564
580
596
612
628
644
660
676
692

00.0E+00
Wavelength, nm

Figure 4-7: Emission Spectrum for Click Reaction in Media (100M) Fractions
Excited at 357nm

When the azido fucose protoplast fraction and control fraction were
subject to click reaction conditions, both fluorescent trials produced a maximum
emission of around 19E+06 c.p.s.
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Figure 4-8: Emission Spectrum for Protoplast Fractions (200M) Excited at
357nm

As shown in Figure 4-8, both peaks had the same basic shape. In addition the
maximum emissions for the protoplast fractions were well above the intensity
achieved for the probe by itself in a DMSO solution (average of 9.6E+06 c.p.s.).
Finally, the fractions with the wall fragments were analyzed for click
fluorescence. Just like the peaks in Figure 4-8 the azido reaction and control
reaction gave very similar peaks at relatively high intensities. In Figure 4-9 the
two trials have a maximum intensity of 14E+06 c.p.s. which is lower than the
intensity from the protoplast fractions. The protoplast and wall fractions also differ
in the shapes of their peaks.
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Figure 4-9: Emission Spectrum for Wall Fractions (100M) Excited at 357nm

The maximum intensities and the wavelengths emitted are shown in
Table 4-4. The ratios of azido fucose to control fucose intensities were also
calculated.

Table 4-4: Summary of Maximum Intensities, Wavelengths, and Tagged/
Untagged Ratios for Click Reactions in Plant Fractions

Fraction

Azido Fucose
Max
Max
Wavelength Intensity

Fucose
Max
Wavelength

Max
Intensity

Ratio of
Intensities

Media (in HEPES)

452

17.4E+06

450

16.2E+06

1.08

Media (in DMSO)

454

17.0E+06

454

14.8E+06

1.15

Protoplast

418

18.7E+06

414

19.3E+06

0.97

Wall

430

13.7E+06

430

14.4E+06

0.96
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And all of the reactions give an almost 1:1 ratio indicating there was no large
change in the amount of fluorescence given from an azide-alkyne clicked
reaction.
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Figure 4-10: Emission Spectrum for Reactions in Plant Feeding Media and
Reactions with Feeding Experiment Blank Samples Excited at 357nm

Lastly when the emission spectrums for the media samples and model
click reaction material without plant material are compared we can see the
similarities of all their emission spectrum. There is no clear delineation between
the trials that have an azide and trials that do not have one.

4.3.3 Fluorescent Signal from Controls
In an effort to investigate further the limits of the click reaction a different
azide complex was used to analyze the reactivity of the probe. These trials would
offer some insight to the possibility of an inactive azido tagged sugar. Figure 4-11
shows the emission for a tosyl azide click reaction with the 4ENP probe. When
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that emission is compared to different emissions of the probe by itself, it
becomes difficult to determine if the reaction worked or not.
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Figure 4-11: Emission Spectrum for 200M Tosyl Azide Clicked in 56%DMSO
Excited at 357nm

However compared to previous click reactions with just azido sugar
(Figure 4-3) all of the maximum intensities are very low (8E+06 vs. 20E+06
c.p.s.). Table 4-5 compares four trials of tosyl azide reacted with the 4ENP probe
and it appears the reaction works one in four attempts.

Table 4-5: Summary of Maximum Intensities for Click Reactions with Control,
Tosyl Azide
Entry

Tosyl Azide Click
Reaction Intensity, c.p.s.

4ENP in DMSO
Intensity, c.p.s.

Ratio

1

8.68E+06

8.73E+05

9.94

2

1.01E+07

9.96E+06

1.01

3

1.00E+07

1.01E+07

0.99

4

9.15E+06

5.92E+06

1.55
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fluorescent intensity normally only doubled. As of now, no increase of ten times
achieved by Sawa has been able to be reproduced.
All of the individual components, when excited at 357nm, are well below
the intensity of the unclicked naphthalimide probe. A previously synthesized tosyl
azide compound was used to test the fidelity of the naphthalimide probe (see
Figure 4-11). However results from these experiments showed inconsistencies
as well.

4.4.1 Improvements and Changes
One of the major impedances to these experiments was the amounts of
material used. Due to the cost of synthesizing the azide tagged sugar, small
amounts of sugar were used with the cells. Further collaborations and study of
the amount of sugar becoming incorporated into the cells may have indicated
that very small amounts of azide were incorporating into the cells. The use of
very small concentrations of the control compounds indicated unreliable results
and weak signals. Also the low intensities from the azide tagged sugar and the
control tosyl azide, could have indicated inadequacies with the synthesized probe.
Further purification may have been necessary as impurities may have been
interfering with the click reactions.
Finally, commerically available probes can be purchased to be used with
the Sawa reaction conditions. If intensities of 10 fold or greater cannot be
achieved, commercial azides as well as alkynes may need to be used to further
this work.
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Zinc-Assisted Hydrodeoxygenation of Biomass-Derived 5Hydroxymethylfurfural to 2,5-Dimethylfuran
Basudeb Saha,*[a] Christine M. Bohn,[a] and Mahdi M. Abu-Omar*[a, b]
2,5-Dimethylfuran (DMF), a promising cellulosic biofuel candidate from biomass derived intermediates, has received significant attention because of its low oxygen content, high energy
density, and high octane value. A bimetallic catalyst combination containing a Lewis-acidic ZnII and Pd/C components is effective for 5-hydroxymethylfurfural (HMF) hydrodeoxygenation
(HDO) to DMF with high conversion (99 %) and selectivity
(85 % DMF). Control experiments for evaluating the roles of
zinc and palladium revealed that ZnCl2 alone did not catalyze
the reaction, whereas Pd/C produced 60 % less DMF than the
combination of both metals. The presence of Lewis acidic component (Zn) was also found to be beneficial for HMF HDO with

Ru/C catalyst, but the synergistic effect between the two metal
components is more pronounced for the Pd/Zn system than
the Ru/Zn. A comparative analysis of the Pd/Zn/C catalyst to
previously reported catalytic systems show that the Pd/Zn
system containing at least four times less precious metal than
the reported catalysts gives comparable or better DMF yields.
The catalyst shows excellent recyclability up to 4 cycles, followed by a deactivation, which could be due to coke formation on the catalyst surface. The effectiveness of this combined
bimetallic catalyst has also been tested for one-pot conversion
of fructose to DMF.

Introduction
Rapid depletion of nonrenewable petroleum reserves, the high
volatility of the crude oil price, and global warming due to increased carbon dioxide emissions have directed current research efforts towards the development of renewable alternatives to meet the growing energy demand for the future generation.[1] Therefore, innovation of new synthetic routes and related technologies for generating fuels from biorenewable resources is a cutting-edge research area. Currently, ethanol is the
only renewable liquid fuel produced on a commercial scale, primarily from food crops such as grains, sugar beet, and oil
seeds. Due to competition with other land requirements and its
adverse effect on food production, it is realized that 1st-generation bioethanol will not achieve targets for oil-product substitution, climate change mitigation, and economic growth.[2] Therefore, the production of 2nd-generation biofuels from lignocellulose, such as low-cost crop and forest residues, wood chips,
and municipal waste, has been targeted in recent years to
meet a significant portion of the 36 billion gallons (1 gallon =
3.785 L) of cellulosic biofuels target to be produced by 2022.
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Although ethanol production from 2nd-generation lignocellulose is gaining momentum to meet the production target, its
high oxygen content (O/C = 0.5) and low energy density
(23.4 MJ L 1 vs. 31 MJ L 1 for gasoline) are seen as disadvantages. While the lower energy density of ethanol is largely offset
by its higher octane number (RON = 110) as compared to gasoline (RON = 87–93), the average fuel economy of E15 fuel is
still about 5 % lower than regular gasoline. Therefore, researchers in both industry and academia are developing technologies
for the next-generation advanced liquid fuels based on biorenewable platform chemicals, 5 hydroxymethylfurfural (HMF)
and furfural (Ff).[3–4] In this context, the development of economically and environmentally viable routes for producing 2,5dimethylfuran (DMF), 5-ethoxymethylfurtutal (EMF), ethyl levulinate (EL), g-valerolactone (VL), and long-chain hydrocarbons
of diesel fractions has received significant attention.[5–9] It has
been reported that DMF is a superior liquid fuel compared to
ethanol because of its higher energy density (30 MJ L 1),
higher octane number (RON = 119), and lower oxygen content
(O/C = 0.17).[10, 11] Additionally, DMF is immiscible with water
and is easier to blend with gasoline than ethanol. Recently,
DMF has been tested as a biofuel on a single-cylinder gasoline
direct-injection (GDI) research engine.[11] Test results of DMF
were satisfactory against gasoline in terms of combustion, ignition, and emission characteristics.
The chemical transformation of lignocellulose into DMF is
a multistep process, involving (i) pretreatment of lignocellulose
into glucose, (ii) acid-catalyzed dehydration of fructose to HMF,
and (iii) catalytic hydrodeoxygenation (HDO) of HMF to DMF.[12]
Dumesic et al. reported a two-step process for the conversion
of fructose to DMF (71 % yield) involving Cu–Ru/C-catalyzed
ChemSusChem 0000, 00, 1 – 8
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HDO of HMF under 6.8 bar H2.[5] Raines et al. reported the production of DMF from untreated corn stover, giving 9 % DMF
yield based on the cellulose content of the corn stover.[6]
Raines’s two-step process of DMF preparation involved the
CrCl3–HCl catalyzed transformation of corn stover into HMF,
followed by HDO of HMF to DMF using Cu–Ru/C catalyst in
the presence of H2. In this process, toxic chromium salt along
with mineral acid was used as a catalyst for the degradation of
corn stover into HMF. Sen et al. reported the conversion of carbohydrates to 2,5-dimethyltetrahydrofuran (DMTHF)[13] in 81 %
yield using homogeneous RhCl3/HI catalyst. In the same year,
Bell et al. attempted HMF HDO with activated carbon (AC) supported palladium, ruthenium, and rhodium catalysts in 1-ethyl3-methylimidazolium chloride ([EMIM]Cl) solvent under 62 bar
H2 pressure.[14] Among several reactions, the Pd/C-catalyzed
HDO reported maximum 19 % HMF conversion with 13 % DMF
selectivity. Although both HMF conversion and DMF selectivity
improved to 47 % and 32 %, respectively, when acetonitrile was
mixed with [EMIM]Cl solvent, total DMF yield (15 %) was not
high enough. An additional drawback of this method was that
ionic liquid decreased the solubility of H2. Hence, high pressures of H2 (62 bar) were required, making the process energyintensive. Under similar reaction conditions, the authors
showed that Ru/C catalyst failed to produce DMF from HMF.
Most recently, Ru/Co3O4 has been reported as an effective catalyst for HMF HDO in THF.[15] The only disadvantage of this process is that the reaction requires high catalyst loading (40 wt %
based on substrate loading).
Recently, we have demonstrated that Pd/C is very effective
catalyst in the presence of a small amount of Lewis-acidic ZnCl2
for HDO of monomeric lignin surrogate molecules.[16] Herein,
we demonstrate the benefit of a Pd/Zn/C catalytic system for
the conversion of HMF to DMF under mild reaction conditions
and low H2 pressures. From the two solvent systems studied,
tetrahydrofuran (THF) is a more effective solvent than methanol. The synergistic effect of ZnCl2 with Ru/C and Ni/C catalysts
has also been investigated for HMF HDO under comparable reaction conditions. The results show that the Pd/Zn/C catalyst is
most effective for quantitative conversion of HMF to DMF with
very high selectivity. The effectiveness of the later catalyst is
also examined for one-pot conversion of fructose to DMF.

Results and Discussion
AC-supported palladium, rhodium, and ruthenium catalysts are
effective for hydrogenation of organic substrates at low temperature and pressure. However, these catalysts have proved
ineffective for hydrogenation of HMF even at high pressures of
H2 (62 bar).[14] A recent study has demonstrated a synergistic
effect between zinc and palladium, and reported a significant
improvement in yields and selectivity of the corresponding hydrodeoxygenation products from their respective phenolic alcohol and aldehyde precursors.[16] Mechanistic studies have
suggested Zn2 + adsorption onto AC, and the resulting bimetallic catalyst activated phenolic substrates via binding to OH
groups and inducing reactivity with Pd H sites on the surface
via hydrogen spillover. To examine the catalytic effectiveness
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the combined ZnCl2–Pd/C catalyst for a simple reaction
system, we investigated HMF HDO under mild reaction conditions.
Catalyst screening
A preliminary reaction for HMF HDO with combined Pd/C and
ZnCl2 catalytic species was carried out in MeOH solvent at
150 8C and 20 bar H2 pressure by using 0.04 g Pd/C, 0.04 g
ZnCl2, and 0.2 g HMF (1.58 mmol). The yield of DMF was 39 %
after 2 h with about 75 % conversion of HMF. The yield of DMF
remained unchanged when the same reaction was repeated
for 4 and 8 h. Based on previous reports,[18] it is hypothesized
that etherification of HMF with MeOH in the presence of the
Lewis acid ZnCl2 results in the formation of 5-methoxymethylfurfural (MMF), and hence blocks the hydroxymethyl group of
HMF from the desired HDO reaction. Therefore, we used THF
as a solvent for HMF conversion by adopting the following experimental conditions: HMF = 3.96 mmol (0.50 g), Pd/C =
0.05 g, ZnCl2 = 0.05 g, and THF = 15 mL at 150 8C and 22 bar of
H2. The later reaction achieved 85 % DMF yield with complete
HMF conversion in 8 h (Supporting Information, Figure S3).
This DMF yield is about 82 % higher than that observed by Bell
and co-workers[14] using Pd/C catalyst alone at 62 bar H2 pressure. The GC–MS analysis of the product solution showed the
peaks for MTHFA and HD, accounting for their respective
yields of 2.6 % and 1.6 %. Other products (OP) accounting for
9–10 % of total carbon mass balance corresponds to the unidentified peaks between retention times 9.6 to 12 min as
shown in the GC chromatogram (Figure S3). Another reaction
at lower H2 pressure (8 bar) gave similar DMF yield (84 %). A
control experiment without ZnCl2 produced only 27 % DMF
under comparable reaction conditions between HMF and Pd/C
catalyst (Supporting Information, Figure S4). As evident by the
comparison in Figure 1, a small amount of ZnCl2 improved
DMF yield as much as 60 %. ZnCl2 alone did not catalyze the
reaction as HMF remained unconverted without Pd/C.
Assuming that the acidity of ZnCl2 could be the reason for
the enhanced activity of the Pd/Zn system, we tested the activity of the Pd/C catalyst in the presence of a small amount of
Amberlyst-15 as co-catalyst. Under comparable conditions, a reaction using 0.025 g Amberlyst-15 in place of ZnCl2 resulted in
the formation of the furan ring-hydrogenation product of DMF,
2,5-dimethyl tertrahydrofuran (DMTHF), as a major product
(13 %), along with small amount of DMF (6 %) and other ringhydrogenation intermediate products such as 2-hexanone
(1.6 %), tetrahydrofurfural alcohol (THFA) (3 %), MTHFA (6 %), 2methyl-tetrahydrofuran-5-aldehyde (4.5 %), 2,5-bis(dihydroxy)
tetrahydromethyfuran (13 %), and some unidentified peaks
(Supporting Information, Figure S5). The formation of multiple
ring-hydrogenation products has also been observed for HMF
HDO using HI/RhI3[19] and ruthenium–porous metal oxide (Ru–
PMO)[20] catalysts. This result demonstrates that the acidity of
ZnCl2 is not the only reason for the enhanced activity of the
catalyst, resulting in high DMF yield, as the reaction in the
presence of Amberlyst-15 favored furan ring hydrogenation
with the formation of multiple products.
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78
CHEMSUSCHEM
FULL PAPERS

www.chemsuschem.org

and deoxygenation of BHMF to
DMF. In the presence of ZnCl2,
the activity of the palladium catalyst for both hydrogenation of
HMF and deoxygenation of BHMF
improved to achieve significantly
higher DMF yield (85 %). Although
total HMF conversions for both
ZnCl2-Ru/C and ZnCl2-Pd/C catalyzed reactions were similar, the
higher DMF yield in the reaction
catalyzed by the latter is attributed to a more pronounced synerFigure 1. The results of HMF hydrodeoxygenation using different catalysts. DMF = 2,5-dimethylfuran; BHMF = 2,5gistic effect for the Pd–Zn system
bis(hydroxymethyl)furan; MTHFA = 5-methyltetrahydrofurfural alcohol; HD = 2,5-hexane dione; OP = other
than the Ru–Zn one.
products.
To further understand the role
of the hydrogenation metal component of the bifunctional catalyst in determining the overall
The beneficial effect of ZnCl2 has been further extended to
HMF HDO, we studied HMF conversion with Ni/C catalyst in the
Ru/C- and Ni/C-catalyzed HDO of HMF. Bell et al. have shown
absence and presence of ZnCl2. Under comparable conditions,
that Ru/C catalyst was ineffective for HMF HDO at high pressures of H2.[14] Although Ru/C facilitates DMF production using
of 8 bar H2 and 150 8C, a reaction between 3.96 mmol HMF and
formic acid as a source of hydrogen in THF,[8] the present work
0.05 g Ni/C showed only 10 % HMF conversion with the formashows that a combined catalytic system comprising ZnCl2 and
tion of a trace amount of DMF. In the presence of ZnCl2
Ru/C is more effective than the earlier report. Under compara(0.05 g), HMF conversion increased to 26 %, although the yield
ble reaction conditions, the combined ZnCl2-Ru/C catalyst enaof DMF remained poor (7 %). This comparison indicates that the
bles 41 % DMF yield along with 52 % yield of BHMF intermedibifunctional catalyst containing a poor hydrogenation metal
ate product and quantitative conversion of HMF. In the abcomponent, which is the case for Ni/C, shows poor synergism
sence of ZnCl2, HMF HDO with Ru/C catalyst alone produces
between the hydrogenation and Lewis acidic metal sites of the
bifunctional catalyst. Based on a previous report showing the
only 3 % DMF, which is significantly lower than the yield obsynergy between tungsten oxide (WO3) and hydrogenation
tained with Pd/C catalyst (27 %). While the percentage of HMF
conversion with the Ru/C catalyst is moderately higher than
metals,[21] we tested the activity of Pd/C catalyst in the presence
the Pd/C, the former catalyst predominantly facilitates hydroof a small amount of WO3 for HDO of HMF in THF. A reaction
genation of HMF, resulting in the formation of a significant
of 3.96 mmol HMF with a mixture of 0.1 g WO3 and 0.05 g Pd/C
amount of BHMF (45 %) intermediate and poor DMF selectivity.
at 150 8C and 19 bar H2 for 8 h achieved 66 mol % DMF, 2 % HD,
When Lewis-acidic ZnCl2 was added along with Ru/C, the
14 % BHMF and 1.4 % 2-MF. Notably, the WO3 component
yield of DMF distinctly improved (41 %), which is presumably
mostly remained undissolved in the solution, as was confirmed
due to enhanced deoxygenation of BHMF in the presence of
by performing a parallel experiment without using Pd/C. The
Zn2 + . Noteworthy, the conversion of HMF has also increased in
latter reaction confirmed that WO3 did not catalyze the reaction
the presence of Zn2 + , suggesting that synergism of Zn2 + with
by itself, but partially dissolved WVI species enhanced the activiruthenium plays a role in enhancing hydrogenation of HMF as
ty of the Pd/C component. A comparison of HMF conversions
well. The latter reaction with the ZnCl2–Ru/C catalyst also
and product distributions using different catalytic systems is
summarized in Figure 1.
showed a significant amount of unconverted BHMF intermediate (52 %) for 8 h reaction. Assuming that continuing this reaction for a longer time could deoxygenate unconverted BHMF
The effect of reaction temperature
to DMF, we repeated this reaction for 20 h, which revealed
The effectiveness of the ZnCl2-Pd/C catalyst was evaluated by
a further conversion of BHMF and hence lowered the concentration of BHMF intermediate from 52 % to 31 %, but the overperforming HMF HDO at varying reaction parameters such as
all DMF yield (45 %) did not improve to the same extent due
H2 pressure and reaction temperature. The reaction temperato the formation of other products (11 % MTHFA and 7 % 2,5ture was varied in the range of 120 to 200 8C. As shown in
bis(dihydroxy) tetrahydromethyfuran). This result suggests that
Figure 2, the DMF yield increased from 69 to 84 % upon increasBHMF deoxygenation with the Ru/Zn/C catalyst is slower than
ing the reaction temperature from 120 to 150 8C, but the yield
the Pd/Zn/C catalyst. The latter catalyst resulted in complete
decreased to 58 % when the temperature was further increased
conversion of BHMF in 8 h with the formation of 88 % DMF.
to 200 8C. Overhydrogenation of the aromatic furan ring of DMF
When comparing the activity of the Ru/C system with that of
and other intermediate furanic species was the reason for the
Pd/C, the latter catalyst provided a higher DMF yield than the
lower DMF yield at higher temperature. This interpretation was
former (Figure 1). Therefore, it can be inferred that the palladium
supported by the fact that a GC chromatogram of the product
catalyst alone can catalyze both hydrogenation of HMF to BHMF
solution showed a new peak with a significant peak area close
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemSusChem 0000, 00, 1 – 8

&3&

79
CHEMSUSCHEM
FULL PAPERS

www.chemsuschem.org
duced 35 % BHMF as intermediate along with 55 % DMF. The
yield of BHMF intermediate decreased from 35 % to 12 % upon
increasing the reaction time from 1 h to 2.5 h, during which
the yield of DMF also increased from 55 % to 71 %. A further increase in reaction time from 2.5 h to 8 h resulted in complete
conversion of BHMF to DMF. The yield of DMF and the concentration of MTHFA and HD by-products remained unchanged

Figure 2. The effect of reaction temperature on HMF hydrodeoxygenation to
DMF.

to the peak for DMF, along with other small peaks in the retention time region 9–12 min. GC–MS revealed the mass number
of the new peak as 100, which could be either due to 2-methyl
tetrahydro-5-furanone or dihydrofurfural alcohol. The formation
of similar dihydro species has been noted previously in the literature.[13, 14] However, further analysis of the reaction product by
1
H NMR spectroscopy did not provide sufficient information
about the identity of the new species because of overcrowded
proton signals from multiple products.

The effect of H2 pressure
More experiments were designed for optimizing the reaction
conditions, by varying the H2 pressure in the range of 2–40 bar
at a fixed reaction temperature (150 8C). The percentage of
HMF conversion and the corresponding DMF yields are shown
in Figure 3. The yield of DMF increased from 29 to 84 % upon
increasing H2 pressure from 2 to 8 bar, and remained unchanged up to 20 bar. A further increase of H2 pressure to
40 bar did not significantly influence the overall DMF yield.

The effect of reaction time
To elucidate the reaction sequence, we conducted a reaction
between 3.96 mmol HMF and ZnCl2 (0.05 g)–Pd/C (0.05 g) catalyst at 150 8C for multiple times by varying the reaction time
from 1 h to 20 h. As shown in Figure 4, HMF HDO for 1 h pro-

Figure 4. Reaction profile of HMF hydrodeoxygenation with ZnCl2–Pd/C as
catalyst.

up to 20 h. To validate the formation of BHMF as intermediate
in HMF HDO pathway, we performed a separate experiment
using BHMF as a starting substrate. Under comparable reaction
conditions, BHMF deoxygenation with the ZnCl2-Pd//C catalyst
achieved 88 % conversion in 8 h and produced 82 % DMF (Supporting Information, Figure S6). This observation of HMF HDO
sequence partly agrees with previous findings by Bell et al.,[14]
in which the CHO group of HMF is hydrogenated first to
form BHMF as an intermediate (Scheme 1). Subsequent deoxygenation of hydroxymethyl groups of BHMF results in the formation of DMF via 5-methylfurfural alcohol (MFA) as intermediate. As MFA was not detected in the GC–MS spectra of product
solutions, it is believed that MFA was rapidly deoxygenated to
DMF under the reaction conditions, as evidenced in earlier reports.[21b] The formation of small amounts of MTHFA and HD
attributes to the fact that hydrogenation of furan ring of MFA
and hydration of DMF took place during the reaction.[22–24] The
yields of MTHFA and HD were, however, below 3 % even after
20 h, which suggests that these side reactions occur at much
slower rates. Mechanistically, we postulate that the zinc component facilitates hydrogenolysis of BHMF to DMF by cleavage
of C O bonds, as discussed in our earlier report involving HDO
of phenolic alcohols and aldehydes.[16] A similar observation
was made in the HDO of HMF with Ru/Co3O4 as catalyst, in
which the ruthenium component hydrogenated HMF to BHMF
and CoOx facilitated hydrogenolysis of BHMF to DMF.[15]
Comparison of catalyst activity

Figure 3. HMF hydrodeoxygenation as a function of H2 pressure.
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To explore the commercial potential of this process for DMF
production, we prepared the Pd/Zn/C catalyst by impregnating
Zn2 + on commercially purchased Pd/C by the incipient wetness method, as discussed in the Experimental section. Instead
of adding the Pd/C and ZnCl2 components separately, we examined the effectiveness of as-synthesized Pd/Zn/C catalyst by
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Recyclability studies

As catalytic effectiveness of Zn2 + -preloaded Pd/Zn/C material is
similar to that of combined ZnCl2-Pd/C catalyst, we used as-synthesized Pd/Zn/C catalyst for recyclability studies. In this experiment, 3.96 mmol (0.5 g) of HMF was reacted with 0.05 g Pd/Zn/
C catalyst in 15 mL THF at 150 8C and 8 bar H2 for 8 h. After the
1st reaction cycle, the solid catalyst was recovered by simple filtration, washed with about 10–15 mL THF, dried in air, and
reused for the next cycle. The next cycle was started by adding
3.96 mmol of HMF and 15 mL THF. Some amount of fresh catalyst (10–15 wt % of total catalyst) was also added to replenish
the loss of mass in recycled catalyst during recovery. The aliquot
Scheme 1. Proposed reaction pathway for HMF hydrodeoxygenation with
from each cycle was analyzed by GC to quantify DMF yields.
the ZnCl2-Pd/C catalyst.
The results, as shown in Figure 5, reveal a deactivation of the
catalyst, in terms of DMF yield, after the 4th cycle.
To examine the catalyst deactivation, we analyzed the fresh
performing an experiment in which 3.96 mmol HMF was reactPd/Zn/C catalyst and the recovered catalyst after the 3rd and
ed with 0.05 g catalyst at 150 8C and 8 bar H2 for 8 h. The activity of the Pd/Zn/C catalyst was comparable to the ZnCl2-Pd/C
5th cycles by ICP–AES to measure palladium and zinc contents.
catalytic system, giving 85 % DMF. Additionally, the inherent
There was a loss of zinc metal in the recovered catalyst obfuel properties of small amounts of overhydrogenation prodtained after the 3rd cycle. While this loss of zinc did not signifiucts, accounting for the carbon mass balance, eliminate the
cantly influence activity in the 4th cycle, we found a noticeable
necessity of an expensive separation step of DMF from the
deactivation in catalyst activity in the 5th cycle. ICP–AES analyproduct stream.
sis of the recovered catalyst after the 5th cycle showed that the
The effectiveness of the Pd/Zn/C catalyst was also compared
zinc content in the catalyst was almost the same as after the
to previously reported catalytic systems (Table 1). Among other
3rd cycle, but the amount of palladium was decreased by
effective catalytic systems reported in the literature, Pd/C and
about 0.54 %.
Ru/C catalysts (entries 7 and 8) using alternate hydrogen sourWhile catalyst deactivation in the 5th cycle can be interpreted
ces, generated in situ from isopropanol and formic acid, gave
either by (i) loss of palladium metal in the solution, or by (ii) di70 and 81 % DMF, respectively. However, in both cases the conlution of palladium concentration in the catalyst due to coke
centrations of active metals in the catalysts were at least
formation on the catalyst surface, we performed a separate ex4 times higher than the present catalyst. Similarly, the dosage
periment to examine the possibility of palladium loss and inof both ruthenium and copper metals in the Cu-Ru/C catalyst
volvement of homogeneous palladium metal in HMF HDO. In
was at least 50 times higher than the metal loadings in the Pd/
this experiment, 0.05 g Pd/Zn/C catalyst was heated in 15 mL
Zn/C catalyst. This comparison suggests that our Pd/Zn/C cataTHF at 150 8C and 8 bar H2 for 22 h, which is almost the time
lyst, containing the least amount of palladium (0.013 mmol Pd)
needed for recycling the catalyst for 4 cycles. Upon cooling the
but giving comparable or higher DMF yields, is certainly supereactor, the catalyst was separated by filtration and 3.96 mmol
rior to the other reported systems.
HMF was added into the filtrate, and the reaction was continued at 150 8C and 8 bar H2 without any solid catalyst. A GC
chromatogram of the aliquot showed no peaks for DMF or
other hydrogenated intermediates. The peak area of HMF accounted for 95 % of unconverted HMF. This result precludes
the hypothesis of palladium
metal leaching from the catalyst
Table 1. Results of HMF HDO with different catalysts as a function of temperature and H2 pressure.
during 22 h heating with the solvent. Additionally, ICP analysis of
Entry
Catalyst
T
t [h]
Solvent
PH
Conv.
DMF yield
Ref.
[8C]
[bar]
[%]
[%]
the filtrate after five cycles
showed that palladium loss in
1
Pd/C/Zn
150
8
THF
8
> 99
85
this work[a]
2
Rh/C
120
1
[EMIM]Cl
62
16
1
[14]
the filtrate was very negligible
3
Pd/C
120
1
[EMIM]Cl
62
19
2
[14]
(0.0065 mg or 0.34 % based on
4
Pt/C
120
1
[EMIM]Cl
62
11
<1
[14]
1.9 mg palladium metal present
5
Ru/C
120
1
[EMIM]Cl
62
23
0
[14]
in the synthesized Pd/Zn/C cata6
Cu-Ru/C
220
10
2-butanol
6.8
–
71
[5][b]
7
Pd/C
150
15
THF
generated in situ
–
70
[9][c]
lyst). These results indirectly sup8
Ru/C
190
6
isopropanol
generated in situ
> 99
81
[25][d]
port the hypothesis of coke for[a] HMF = 0.5 g, Pd/Zn/C = 0.05 g (0.018 mmol Pd). [b] 30 wt % catalyst loading based on HMF (Cu = 1.78 mmol;
mation on the catalyst surface as
Ru = 0.74 mmol). [c] 160 wt % catalyst loading based on HMF (Pd = 0.188 mmol). [d] 35 wt % catalyst loading
cause of deactivation and dilubased on HMF (Ru = 0.049 mmol).
tion of the palladium concentra2
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Figure 5. Recyclability of the Pd/Zn/C catalyst for HMF hydrodeoxygenation
to DMF.

tion in the recycled catalyst. Transmission electron microscopy
(TEM) images of the as-synthesized and the recovered catalysts, showing their nanostructure and lattice fringes, are
shown in Figure S7 (Supporting Information).
Substrate scope
The scope of the present investigation was further extended
to the direct conversion of fructose to DMF in one pot. The
two-step conversion of fructose to DMF involves dehydration
of fructose to HMF in the first step, followed by HDO of HMF
to DMF in the 2nd step. As the present catalytic system contains
both a Lewis-acidic (ZnCl2) and hydrogenation component (Pd/
C), we investigated the effectiveness of the ZnCl2-Pd/C catalyst
for the conversion of fructose in THF at 150 8C under 8 bar H2.
A reaction between 1.8 mmol (0.324 g) of fructose and ZnCl2
(0.2 g)-Pd/C (0.05 g) for 8 h produced 22 % DMF, 2 % HMF, and
3 % 5-methylfurfural. Some unidentified GC peaks, accounting
in total for half the peak area relative to that of DMF, were also
observed. Under comparable reaction conditions, a control experiment using only ZnCl2 as a dehydration catalyst produced
only 13 mol % HMF. This result suggests that fructose conversion to HMF and its subsequent HDO to DMF increased in the
presence of Pd/C. Assuming high pressure of H2 is a limitation
for HMF production in the beginning of experiment, we designed an experiment in which 1.8 mmol fructose was reacted
with ZnCl2 (0.2 g)-Pd/C (0.05 g) in 15 mL THF at 150 8C for 1.5 h
and then the reactor was pressurized at 8 bar H2 to continue
the reaction for another 8 h. The latter reaction showed no improvement in DMF yield. Considering the solvent to be a barrier
for effective dehydration of fructose to HMF, we conducted
a similar experiment in a water/THF mixture (1 mL water +
14 mL THF). However, total yields of DMF (19 %) and HMF
(6.5 %) in the later experiment were similar.

Conclusions
2,5-Dimethylfuran (DMF) is a promising biofuel candidate, with
features that are more desirable when compared to ethanol. Although several research articles demonstrating different catalytic technologies for DMF production have been published in
recent years, selective production of DMF in high yields remains
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a challenge. We demonstrate a bimetallic palladium and zinc
catalyst that achieves a DMF yield as high as 85 % under mild
reaction conditions (150 8C and 8 bar H2). Under comparable reaction conditions, Pd/C alone produces only 27 % DMF. ZnCl2
alone does not catalyze deoxygenation or hydrogenation of 5hydroxymethylfurfural (HMF), suggesting a strong synergistic
effect between the two metals. Separate experiments using assynthesized Pd/Zn/C catalyst give similar yields of DMF as the
ZnCl2-Pd/C combination. A reaction catalyzed by Ru/C produces
2,5-bis(hydroxymethyl)furan (BHMF) as its major product. The
effectiveness of the Ru/C catalyst improves in the presence of
ZnCl2, but the overall DMF yield is much lower (41 %) than
when using the Pd/Zn/C system. The less-effective hydrogenation catalyst Ni/C shows little improvement with ZnCl2, giving
only 7 % DMF. The Pd/C-catalyzed reaction in the presence of
Brønsted-acidic Amberlyst 15 produces multiple products containing overhydrogenated tetrahydrofuran rings. The as-synthesized Pd/Zn/C catalyst shows excellent recyclability up to 4
cycles, followed by some deactivation. Control experiments suggest that coke deposition on the catalyst surface is the reason
for catalyst deactivation. The effectiveness of the Pd/Zn/C catalyst for the one-pot conversion of fructose to DMF is also investigated. The zinc component facilitates hydrogenolysis of BHMF
to DMF. Further experiments to understand the exact role of
the zinc component in the bifunctional catalysts are underway.

Experimental Section
Materials
HMF, DMF, methanol, and fructose were purchased from Sigma–Aldrich and used as-received. Pd/C and Ru/C catalysts containing
5 wt % of the respective metal loading, supported on activated
carbon (AC) with a Brunauer–Emmett–Teller (BET) surface area of
1200 m2 g 1, were purchased from Strem Chemicals. However, inductively coupled plasma–atomic emission spectroscopic (ICP-AES)
analysis by Galbraith Laboratory showed the palladium loading in
the purchased catalyst was 3.9 %. THF containing butylated hydroxyl toluene (BHT) as stabilizer was purchased from Fisher Chemicals.
ZnCl2 was purchased from Acros Organics and used without further
purification. Ni/C catalyst was prepared by following a literature
method.[17] According to this method, nickel(II) nitrate hexahydrate
(Ni(NO3)2·6 H2O, 1.3 g) was dissolved in 6 mL water in a beaker.
About 2 g AC support of 100 mesh particle size was added into the
NiII solution and the mixture was stirred for 24 h. The sample was
dried overnight at 120 8C. The dried sample was then reduced in
a U-shaped quartz dried tube (Schwartz).[17] The resultant powder
was washed with water to remove any free nickel, filtered, and
dried overnight at 120 8C. 2,5-Bis(hydroxymethyl)furan (BHMF) was
prepared by NaBH4 reduction of HMF in ethanol. In this method,
0.17 g NaBH4 was dissolved in 10 mL ethanol and the solution was
cooled in an ice bath for 15 min. To this solution, 1 g HMF was
slowly added while the solution was continuously stirred. Upon stirring at 0 8C for 1 h, the solution was warmed to room temperature
and stirred overnight. The pH of the solution was adjusted to approximately 7 by dropwise addition of dilute HCl and the solution
was decanted to another round-bottom flask. BHMF was isolated
(90 % yield) after rotary evaporation of solvent and its purity was
determined by 1H NMR spectroscopy (Supporting Information, Figure S1). As-synthesized Pd/Zn/C catalyst was prepared by incipient
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wetness method. In this method, Pd/C and ZnCl2 in 1:3 ratio (w/w)
were mixed in water and the mixture was stirred overnight at room
temperature. The resultant solid was filtered and washed several
times with water to remove any free zinc salt and dried under
vacuum. ICP–AES analysis of as-synthesized Pd/Zn/C catalyst
showed the presence of palladium and zinc metals. Further analysis
of this catalyst using SEM elemental mapping (NOVA nanoSEM FEI)
confirmed that both metals are uniformly distributed throughout
the sample (Supporting Information, Figure S2).
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Catalysis
Catalytic HDO of HMF was carried out in a stainless steel Parr reactor equipped with a stirring impeller, gas line, and programmable
control device for setting reaction time and temperature. In a typical experiment, the reactor was loaded with 0.5 g HMF
(3.96 mmol), 0.05 g Pd/C, 0.05 g ZnCl2, and 15 mL solvent, and
then properly sealed with the reactor head. After purging the mixture with UHP-grade H2 for a couple of minutes with continuous
stirring, the reactor was pressurized with H2 in the pressure range
of 2–40 bar and heated at 150 8C for the desired time (1–20 h).
Upon completion of reaction for the set time, the reactor was
cooled to room temperature and the pressure released. The reactor vessel was removed and the solution was filtered. The collected
filtrate was analyzed by GC and GC–MS.

Recyclability study
Catalyst reusability studies were performed by using as-synthesized
Pd/Zn/C material by following the aforementioned procedure. After
the 1st cycle of reaction between 3.96 mmol of HMF and 0.05 g Pd/
Zn/C catalyst at 150 8C and 8 bar H2 for 8 h, the aliquot was filtered.
The recovered catalyst was washed several times with THF, dried in
air, and loaded in the reactor for the next cycle. The aliquot of each
cycle was analyzed by GC for quantification of products.

Determination of DMF yield
The yield of DMF and other products were measured by analyzing
the product solutions on a GC instrument (Agilent 6890N)
equipped with a FID detector and DB-5 capillary column of dimension 0.25 mm ID  0.25 mm  30 m. Essential parameters of GC analysis are as follows: injection volume 1.0 mL, inlet temperature
250 8C, detector temperature 250 8C, and a split ratio 1:5. Initial
column temperature was 50 8C (2 min) with a temperature rise of
10 8C min 1 and final temperature was 300 8C. DMF was identified
by its retention time in comparison with an authentic sample and
by GC–MS analysis. 5-methyltetrahydrofurfural alcohol (MTHFA)
and 2,5-hexane dione (HD) peaks were characterized by GC–MS
analysis. Each peak of the GC chromatogram was properly integrated and the actual concentration of DMF was obtained from a precalibrated plot of peak area against concentrations. Unless otherwise mentioned, all yields are reported in mol %. GC–MS spectrometry analyses were carried out using an Agilent 5975C (Agilent
Labs, Santa Clara, CA) mass spectrometer system. Typical electron
energy was 70 eV with the ion source temperature maintained at
250 8C. The individual components were separated using a 30
meter DB-5 capillary column (250 mm i.d.  0.25 mm film thickness).The initial column temperature was set at 35 8C (for 3 min)
and programmed to 280 8C at 10.0 8C min 1. The flow rate was typically set at 1 mL min 1. The injector temperature was set at 250 8C.
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Table S1. Results of HMF HDO with different catalysts. a
Entry

Catalyst

T (ºC)

H2
(bar)

Conv.
(%)

Products (%)
O

a

DMF

HO

O

OH

O

O

O

OH

O

CHO

BHMF

MTHFA

1

Pd/C + ZnCl2

150

22

>99

85

-

2.6

HD
1.6

2

Pd/C

150

22

40

26.5

-

4

1.5

-

Ru/C

150

8

60

3

45

2

-

-

Ni/C

150

8

10

2

2

-

-

-

3

ZnCl2

150

10

~5

-

3

-

-

-

4

Ru/C + ZnCl2

150

15

99

41

52

1.5

-

-

5

Ni/C + ZnCl2

150

8

26

7

4

-

-

6.7%

6

Pd/C + ZnCl2

150

8

>99

84

-

3

2

-

7

Pd/C + WO3

150

19

95

66

14

-

2

<1

-

-

-

8b
Pd/C + ZnCl2
150
10
88
82
HMF = 0.5 g, Pd/C = 0.05 g, ZnCl2 = 0.05 g, 15 mL THF, 8 hr; b BHMF = 0.2 g;

5-MF
-

Table S2 ICP-AES analysis data of the as-synthesized and the recovered catalysts after the 3rd and 5th catalytic cycles.
Materials

ICP-AES analysis
Zn (%)

Pd (%)

As synthesized Pd/Zn/C

9.67

3.90

Recovered catalyst after 3rd cycle

0.40

3.84

Recovered catalyst after 5th cycle

0.47

3.30

1

86

Figure S1. 1H NMR spectrum of isolated BHMF product obtained from HMF reduction.

2

87

(a)

(b)

100 nm

(c)

(d)

Figure S2. (a) SEM image (b) Zn mapping (C) Pd mapping and (d) elemental distribution of as-synthesized Pd/Zn/C
catalyst.
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88

O

O
O
O

OH

OH

Figure S3. GC chromatogram of HMF HDO product.

O

OHC

O

OH

Figure S4. GC chromatogram of reaction product obtained from HMF HDO with Pd/C catalyst.
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HO

OH

Figure S5. GC chromatogram of reaction product obtained from HMF HDO with Pd/C/ Amberlyst-15 catalyst.

Figure S6. GC chromatogram of reaction product obtained from BHMF HDO with the ZnCl 2- Pd/C catalyst.
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a

b

10 nm

10 nm

Cycle 3

Cycle 2

c

1 nm

d

1 nm

Figure S7. TEM images of the as-synthesized Pd/Zn/C (a) and the recovered catalyst after the 3rd cycle (b) showing their
nanostructure. Images (c) and (d) are the corresponding magnified view of this nanostructure showing the lattice fringes.
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